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ERRATA
TEXTILE SERIES REPORT 162
The Comfort and Function of Clothing
by Lyman Fourt and Norman R.S. Hollies
Uus Army Natick Laboratories
Natick, Mass. 01760
Page 15 Equation 1-1 should read Np = 2%0 and

the examples should read
V.= 20009/Dp

Example (a): answer should be 7.5 cm/sec

Example (b): Change characteristic diam-
eter to 0.1 cm; answer should be 3000
cm/sec through the holes or 500 cm/sec
(1970 ft/min or ft3/ft?min) through the
fabric.

Page 33 Top line, for Chapter 6, read Chapter 7.
Page 82 Should read Eqn. 4~4: H = 5.5A(Tg-T).

I
| 2 20 A S
Eqn., 4-5: £ = 5.0A(P.~P)
R
with I in Clo and R in cm air.
Page 83 Eqn. 4~6 and discussion should read: For

each layer

| H4E=A 5.5(AT n Da0fA P)
aC R
If the heat and moisture flow are taken to
be in parallel without interaction the Is
and Rs for all layers could be added in the
respective denominators. However, because
of interaction a better assumption-—isg to
I use separate equations for each layer with
separate measurements of AT and AP for
each layer. With either assumption the sum
of the two equations is the same for each
layer.

Eqn. 4-7: H. = 4.93 x 10°3(1 %1€ en,
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Reference 82 should be reference 70, which
tabulates the data as printed. Reference
79 presents the data in graphic form.

In Figure 6, the Clo values given on the
ordinate should each be multiplied by a
factor of 0.1.

Names in footnote should read Brown, I. R.
and Croton, L. M.

Equation 6-2 should read
103 2
cal/°C sec cm
0.595t, + 0.10

and the reference should be (330). The form
of the equation has been re-arranged.

T =

Equation 6-7 should read

i y
H = T ST (E~lgd & Tg SHEBL=RL) 1.

Equation 6-21 should read
(Wnap)iE = 0p29 lem("E).

The value for the Stephan Boltzman constant
should read

1.37 x 10°12 g cal/en? sec
SN O8 5 T Kg cal/mZhr

The conversion should read

1 Xg cal = about 0.21 liters of
05(S.T.P. dry) utilized

or 1 liter of OZ(S.T.P. dry) corresponds
to about 4.9 Kg cal

References

Browm, I. R. and Croton, L. M.: See
footnote p. 127,

Rountree, W. B.: Sce footnote to Table 28,
p. 134.
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FOREWORD

Since the publication of the classic volume "The Phy-
siology of Heat Regulation and the Science of Clothing"
by Newburgh, much new work has been done which has added
considerably to our knowledge of the comfort and function
of clothing. The preparation of this monograph has been
undertaken in order to bring together a summary of this
work in recent years, particularly work conducted by the
U.S. Army Natick Laboratories, as well as to review other
reports and papers on comfort in clothing which have been
published during this period. It is felt that further pro-
gress in this area will be greatly assisted by making
availlable to all research people in- this field a unified
review of the present state of our knowledge in the science
of "clething.

Tllustrative of new knowledge gained since the pub-
lication of Newburgh has been the development of relatively
simple procedures for characterizing the ability of cloth-
ing systems to pass evaporative (latent) heat. The use
of these new measures together with the conventional cloth-
ing insulation unit (Clo) provide a unique means for
characterizing clothing comfort in terms which facilitate
the prediction of comfort in simulated and actual field
situations. For the development of these procedures we
are especially indebted to the late Dr. Alan H. Woodcock
of the U.S. Army Research Institute of Environmental
Medicine.

The issuance of this monograph provides an opportunity
to acknowledge important contributions to the science of
clothing made by many individuals within and outside the
military departments. Among the great number to whom we
are indebted are: the late Dr. Paul A. Siple of the Army
Research Office; Dr. Harwood S. Belding of the University
of Pittsburgh, formerly Research Director of the Army
Climatic Research Laboratories; Dr. Steven M. Horvath
of the University of California, Chairman of the National
Research Council Committee on Biophysics of Clothing; Dr.
E.T. Renbourn formerly with the Army Personnel Research
Establishment, Ministry of Defense in England; and Dr.
Ralph F. Goldman and Mr. John R. Breckenridge of the
Military Ergonomics lLaboratory of the U.S. Army Research
Institute of Environmental Medicine.
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In publishing this monograph and making it available
to the technical community we hope to stimulate additional
investigations and studies which will contribute to our
understanding of the basic requirements for making further
improvements in the comfort performance of clothing, for
the benefit both of soldiers and civilians alike.
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PREFACE

Discusslons during the writing with Dr. Stephen J.
Kernnedy and Mr. Louis I. Weiner of the T.3. Army Natick
Laboratories and Dr. Ralph Goldman of the U.S. Army Re-
search Institute of Environmental Medicine at Natick have
been most helpful. Each of them has aided in supplying
reference material and coples of reports. PBEarlier dis-
cussions with the late Dr. Alan Woodcock, and others of
the Laboratories at Natick, and wlth members of the NAS-
NRC QM Advisory Committees on Textiles and on Biophysics
of Clothing, over an extended period, have been the
foundation of this work. One of the authors, Lyman Fourt,
owes a debt of memory and inspiration to Dr. E.F. DuBois,
who was his host at the Russell Sage laborstory at Cornell
for trials of "Artificial Sweating Man No. 10 (or higher),"
bat Te. i of this antheor's experienee. Weelso rementrers |
gratefuily, discussions with many workers, especially
the late Mrs. Margaret Yonides Cochran ard the late (then)
Major Paul Siple, in the  OQMG in Tempo Builaing A in
Washington. Both authors are indebted over the whole
peried of their woerk in clothing ané textiles Lo Dr,
Kennedy and Dr. Milton Harris.

We have drawn heavily on Government reports from
studies at the U.S. Army Natick Yaboratories, at the old
Climatic Research laboratory, Lawrence, Mass., at Wright
Field, at Fort Knox, at the Naval Medical Research In-
stitute, the U.S. Army Institute for Environmental
Medicine, and at Canadlian and British installations and
other Commonwealth agencies. Wherever possible, we have
cited the published papers resulting from such Government
reports; however, we have not always found corresronding
papers. The AD numbers of U.S. Government reports are
given when we could find them, to aid in securing copies,
but the serious student of the older literature will
probably need to go to one of the longer established cen-
ters to consult reports in the library or in laboratory
files. We have also attempted to cover the publicehed
literature of all countries, using searches made for us
in "Textile Technology Digest" by the Institute of Textile
Technology, Charlottesville, Virginia, and our own searches
in Index Medicus and the Abstracts of the Textile Institute,
as well as the files of this laboratory covering work
since 1941,
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and books for permission to quote copyrighted material.

Academic Press, publishers of Environmental Research
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stuff Reporter (Figure 11, page 146); American Society for
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Engineers (Figure ﬁ, page TT7); Edward Arnold (Publishers)
Ltd., publishers of "Man in a Cold Environment" by A.C.
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ABSTRACT

The matters discussed are, by chaptew: (1) the stope;
(2) clothing as a quasi-physiological system interacting
with the body:; means of describing the thermal and moisture
relations and experimentally determining characteristic
cpefficlents of elothing; «(3) the more usual istructiral
description of clothing, and some of the possible varia-
tions of its structure or design; (4) heat and moisture
relations in clothing; (5) physiological and field test-
ing of clothing by wearing it; properties of clothing that
require tests on living subjects; (6) means of testing
physical properties of clothing which are related to com-
fort; (7) differences between fibers in relation to com-
fort, both thermal or moisture relations and nonthermal.

A review with 460 references.
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CHAPTER 1
THE FACTORS INVOLVED IN THE STUDY OF CLOTHING

1. The Balance Needed for Comfort

DuBois (120) and Burton (72) have indicated the details
of a familiar concept, that the well-being of a man depends
upon the balance between his energy production and the ex-
change of energy with the environment. This energy balance
must be maintained within the limits of tolerance for
heating or cooling of the body. This concept of balance be-
tween body and environment is modified by the intervention
of*clething, Wwhiichefrom ene pointieof 'wiew is a partyof the
environment, but from another point of view can be regarded
as an extension and modification of the body itself. 1In
cold and temperate climates, and in warm climates when
glothings is-worngs the: temperature of the clothing; espec-
ially its inner layers, rises or falls with the underlying
skin. Clothing is selected and adjusted by conscious in-
tent to secure comfort or at least as much.protection from
adverse environment as possible.

Kennedy, Weiner and Bailey (250) have discussed three
inter-related elements in the soldier's clothing system:
the material properties, the clothing design, and the
mind and body of the man. That discussion leads to the
thought that the clothing, the body and its physiology,
and the environment are like the three legs which are
necessary for the stability of a stool. 1Indeed, the un-
clothed man could not survive long by just his physio-
logical resources in many of the environments of earth
in which large populations flourish. The discussion
will emphasize the point that clothing interacts with the
physiology of the body, and that the functions of cloth-
ing are essential to man in all but exceptional and
limited environments.

2., wsrope, of Frevent sStudy

Emphasis in this study is given to the interactions of
clothing with the heat balance of the body, including both.
that part of heat exchange which is determined by temper-
ature differences ("sensible" heat) and the large portion
of the total energy exchange of the body which is governed
by vapor pressure or water vapor concentration differences
("latent" heat). The discussion on heat and moisture re-




lations in clothing (Chapter 4) will show the reasons for
handling these two main types of energy exchange as a com-
bined interaction system, not two separate or parallel ones.
A given kilocalorie of energy may travel part of the way
from skin to environment by evaporation at the skin, but
the water vapor will often condense in the clothing and the
energy will travel the rest of the way as '"sensible" heat.
Only when the skin is relatively cool, with minimal sweat-
ing, do purely thermal difference considerations govern.
These cool conditions are among the most important con-
ditions for which clothing is worn, hence the historic em-
phasis on purely thermal properties of clothing. Fortu-
nately, the capacity of the body's sweat glands to provide
evaporative cooling is so large that man can cope, even

in relative discomfort, with a wide range of warm environ-
ments and excess amounts of clothing.

Besides the interaction of clothing with the body, the
protective function of the clothing against sun, wind, and
rain, wet foliage, and immersion in water will be consid-
ered. Protection against fire, flame, industrial heat as
in steel mills and glass works, and even the heat pulses
of nuclear explosions will be included since these are all
conditions in which clothing of not too extraordinary
character can provide appreciable protection. We shall not
deal with the heating or cooling of clothing by auwxiliary
power, although this is the means of greatly extending
men Yss funetleonal range. In faect, we @encenbrabte. tlie dis=
cussion upon clothing that a soldier or a sailor can wear
and be mobile for his duties, upon clothing a civilian
can wear to go about his daily 1life, or an explorer or hun-
ter or farmer take with him in the field.

Excluded from this discussion are all direct consider-
ation of strength, durability, abrasion resistance, or
wear-1life of clothing -- and almost all considerations of
style and fashion. Styles of clothing of other peoples,
times, and places, however, are instructive for sugges-
tions of alternatives of design to accomplish function.
Some examples of suggestions from the study of historic
and local styles are brought out in Chapter 3, clothing
considered as a structured assemblage of materials, and
at other points. Almost completely disregarded are con-
siderations of appearance, such as '"well pressed" or
"unwrinkled" or "smooth." Some of the factors under-
lying these enter indirectly in consideration of surface
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characteristics of fabrics in Chapter 6 and in connection
with the difficulties of*dbtainingssimilar fabriecs .from
different fibers, which is one of the major problems in
assessing differences between fibers (Chapter 7). This
dirseusishiiont @ \elofhilpg s Tirem) the tgodnt” ef "view: of stb1l—
Lty and fonetion, "neot from the poimt of view 'of appearance
or current or historic or ethnic style.

Other areas which are excluded comprise the whole
question of skin irritation, or dermatitis which (fortu-
nately not often) may be caused by fibers, dyes, or finishes,
although frictional contact with the skin and drag of wet
fabric against the skin are included. Excluded also is the
question of germicidal or antimildew, or antimoth finishes,
or protection of the fiber against deterioration by ultra-
vl et di e, w JTe elicansg ok fabries) and theur Sreepi ] =
Zatlon: To preyent s erensmission of «disease is alselldrgely:
excluded although some aspects of clothing sanitation and
personal hygiene require attention in the course of tests
in which particular garments need to be worn by different
test subjects. Suitable methods depend upon the article
and the questions being tested; the health aspects of tests
by wearing the clothing are discussed in Chapter 5.

3. Broader Aspects of Comfort

a. Quiet Comfort and Comfort While Working

Much of civilian 1life away from work, and most
office work and much other work seeks the "quiet comfort'
or "resting comfort" condition. Winslow, Herrington and
Ga%ge (441) in 1939 and Gagge, Stolwijk and Hardy (164) in
1967 distinguish between "comfort'" or "pleasantness" and
"thermal neutrality," but find that both scales of sub-
jective ratings center at nearly the same conditions.

They have shown that the minimum of discomfort votes or
the maximum of comfort ratings for unclothed subjects, and
the point of neutrality for thermal sensation, come at
air temperatures in the range of 28° - 30°¢ (é20 - 86°F)
"...where there is an absence of
temperature regulatory effort by
sweating, vasoconstriction and
vasodilations The sense‘of dis-
comfort increases more rapidly
for ambient temperatures below
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28°C than for those above

28°, while thermal sensation
increasies Srapildiyses el side

of a neutral ambient temper-
ature. Discomfort, on the
other hand, correlates best
with lowering average skin
temperature towards cold and
with increased sweating towards
hot environments....

"The conclusions...apply only
to those steady-state and
transient conditions when one
goes from the comfortable to
the uncomfortable, from the
neutral to the cold, and from
the neutral to the warm, and
when there is progressive dis-
comfort caused by either coid
or heat. When the transients
are reversed, or when one goes
from the uncomfortable to the
comfortable, from hot to
meutrad ox! cold, Mirom cold Lo
neutral or warm, man's sensory
response no longer follows the
simﬁle pattern outlined above."

(164)

The observations of Winslow et al and Gagge et
&l refet o' men.sitting b resd, witheont clething.y' "=
Clothing shifts 'the range of comfort or pleasantness to-
ward the cool side, as does exercise. Exercise in the
heat produces extensive .sweating; light clothing will be-
come wet (on the inner surface, if water-repellent) and
evaporation will increase, tending to restore thermal
balance and avoid continual warming or storage of energy
in the body. The working man or the man playing tennis
or handball i1s more comfortable sweating -- the criteria
for the exercising subject are different from quiet com-
fort and are still being investigated by physiologists
and psychologists (237, 394). The point for the present
is that the concept of quiet or resting comfort, with
certain skin temperatures, absence of body cooling or
warming, absence of sweating, and cyclic vasomotor regu-
lation (especially in the arms and hands, legs and feet,
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fingers and toes), without general vasodilation or con-
striction is too limited for the general study of desir-
able clothing conditions for military use or for men at
physical work or active sport.

Another advantage of a functional approach to
eeomBortis  fhatl Weykan deal. Wwi'theelobhing for real IIfe,
not just for "polite" or "on display" life. As Thorstein
Veblen (417) noted, among the social functions of clothing
and "conspicuous display" or '"conspicuous waste" and the
unspoken declaration that the wearer does not have to do
physical work. Indeed, much "Sunday best" would be
~uncomfortably warm or restraining if one had to work in
it The ' 01rsts thing' a mMeterist whe gets g flat z2nd Hag” t9
change a wheel does 1s to take off his coat, roll up his
sleeves, and loosen his tie. Few men wear their suit coats
in their own homes, or even in their offices except to go
see the boss. The quiet comfort ideal is closely tied to
ceremonial rather than functional clothing, and while 1its
requirements can be measured by the methods we discuss, it
s Dy defiyiitiofl honcri thednl,

b. Nonecritical or Critical Conditions

In addition, civilian life and to a large extent
industrial work avoid the extremes of environment. Sport,
exploration, and military duty seeck to push man's ef-
fectiveness as far as possible into extremes of performance
or difficult terrestrial environments, or even into space.
Fire-fighting presents some of the same extreme high tem-
perature hazards as space ship re-entry or protection
against thermal effects of nuclear weapons. To extend
man's effectiveness against hostile environment is the
general goal, so that our considerations will go beyond
guiet comfort and beyond working comfort to the limits of
effectiveness. 'Ofteh one benefit of clothing, such as pro-
tection against 1nsects by insect-bite-proof clothing, or
by screens and mosquito nets, has a cost in decreased cool-
ing by evaporation and convection; the net worth must be
assessed in terms of over-all effectivensss in the whole
situation. Effective work can be done with considerably
more tolerance of sweating than of malaria, or infected
leech bites.

The varlabillty of ofdinary clothing fo¥ a glveh
place and weather reflects the wide latitude of noncriti-
el condl tlens.. The need  to cdrry. hedly, bullEy eclohing




with one when it is cold emphasizes the need for the best
possible design and choice of materials under critical
VAREED, ‘on sarctic. conditions. Under\erififeal -eenditions
there may be no "comfort" in any sense: the merit of
clothing variations can then be judged in terms of
"tolerance time," which for experimental work should be
set below "survival time" but should, ideally, be a
significant indicator or comparison of survival pos-
slpiNdtites WThesVierny "Tact of disconiort Maypdncrease
survival; it can act as a stimulus to behavioral adjust-
mentse ‘&s by lighting & £ire or censtructing & sheléers

4. Nonthermal Components of Comfort

We all know that thermal balance is not the whole
story even for quiet comfort. The ego-assurance of being
suitably dressed, neat, clean, and "respectable" even if
poor in money, of being in haut mode, le denier cri, or of .,
conspicuous eeonsumptien; i mere: altluent 2 wasEka N the
range between is an important component of self-confidence
and being at ease. A soldier who is being married should
wear his Class A, or "dress" uniform and all should see
theathis is ¢ lothing of which The ls  Indeedy pEoud.s

Ractons which are more: physical jdnclude surifeee «indsh,
and surface character (Chapters 2, 6), flexibility, and
drape (96), all the shear and buckling properties related
to motion in the plane of the fabric (27, 2Es 2o 1973 293)
and to "tailorability" and ease of fit to the complexly
curved surfaces of the body, all the seam characteristics
and design features (darts, gores, orientation with re-
spect to warp or bias) which make clothing, all the ad-
justments for size and peculiarifies of the individual,
te Secure! good HBit.

Other physical properties also influence comfort. The
electrostatic characteristics of fibers, and the mutual
electric interaction of fabrics and the skin may play a
larger role that we know (195, 247, 265). The water-hold-
ing capacity of fabrics is extremely important, and the
related properties e thickness . .and compressibility .. T
harshness or softness is primarily determined by fiber
size and size range and distribution, secondarily by
twist and in a tertiary way by finishing processes such
as spot welding or cementing by finishes added outside
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the fiber, or stiffening by polymers polymerized within
the fiber, Other factors influencing comfort include
softeners, '"scroop" agents or antislip finishes such as
colloidal silica which increase fiber-to-fiber friction,
mechanical finishing including singeing to remove sur-
face flber, shearing, pressing and setting, or napping or
sanding or yarn bulking to increase freedom of surface
fibers. Measurement of these features 1s discussed in
part in Chapter 6; the bodily sensation or recognition

is discussed part (contact effects) in Chapter 2,

It seems likely that most of the reported differ-
ences in "comfort" between fibers, such as those between
nylon and wool or nylon and cotton, which defy explana-
tion in terms of thermal or moisture effects (although
such explanations have been suggested as major factors
by many) (24, 26, 280, 281), arise in fact from the
nonthermal, contact sensation aspects of comfort. The
nonhygroscopic character of many man-made fibers is
often cited as the reason for reported deficiencies
in comfort; this is part of the "accepted wisdom" of
textiles, but there is little positive, direct evidence
that lack of molsture absorption is directly involved.
Chapter 7 will give examples of different fibers or
blends put through "identical" industrial textile pro-
cessing, but with quite different yarns and fabrics
emerging. Cassile (87, 88, 90, 91) has suggested that
some unique relations of the elastic moduli of wool
account for its unique position in the world's regard
as a fiver for clothing: this may help, but advances
in making and using man-made fibers suggest that the
uniqueness of wool may be more historical than permanent.
The fact is that optimum structures, finishes, and uses
have to be found for each fiber and each blend with
significant differences of composition; that the
differences between optimum structures, or between the
structures obtained by what were intended to be uniform
processes, are easily recognizable. The body has great
sensltivity to differences; it is easy to dislixe some
part of novel experiences and to describe this as dis-
comfort. The multifactor studies of Mehrtens and Mc
Allister (282), Hoffman (44, 208, 209), and Brand (61)
are the most promising leads to untangle this web and
increase understanding of customer reaction and
acceptance of the different fibers. Further develop-
ments can be expected. Major producers of synthetic




fibers have a great stake in this; the bulk of published
work comes from the duPont Company (44, 61, 208, 209,
265, 282) to whom all students of the relations of fiber
properties to the aesthetic and subjective factors of
consumer acceptance must be grateful. Additional infor-
mation has appeared under the sponsorship of the U.S.
Army Quartermaster (15) and the Textile Institute (404),
as well as other papers from time to time.

5. Quantities and Units for Description of the Triad;
Environment, Clothing, and Man

While everyone is familiar with the general varia-
tions of the environment with weather, season, locality
and time of day, and is equally familiar with clothing
for a wide variety of purposes, as well as the varied
levels ©f Gur ewn @ctivily. from-¥est to exhailsting work,
it will be useful in our discussion to become more an-
alytical and to standardize the vocabulary, assign more
definite meanings to words which may be used in different
ways in different contexts, and to begin or renew a
familiarization with the quantitative units in which the
elements ©f the trigd are meggureds Weoshalll Wse imeltric
units, including Centigrade temperature, the kilogram
ealicrie (1O0Pg ‘walles 1L°G), and thetpracties] elechriicEl
unit of power or rate of doing work (watt), as primary
units, with English system or engineering equivalents
in parentheses, i.e., 37°C (980F) or 1 m (40 in), usually,
as here, with rounded values (recognizable by having only
one or at most two significant figures) unless equal pre-
ErsEn | s  Necded DiEagh syissdentd The deancssoiis cernaes
possible even for averages in most clothing or physiolo-
gical tests of practicable scale is seidom better than
(or even up to) two significant figures, although dif-
ferences, as of temperature, may need to be stated with
this precision. Tables of four-figure and of rounded
off, two-figure conversion factors are given in the
Appendix.

Ohe arbilirary nonmetric units the Cle mit. bl thermnail
insulation for either air layers or fabric is used as a
primary unit for discussion. This exception is made be-
cause of the wide use of Clo units for practical dis-
cussion of military clothing by U.S. and Canadian phy-
siologists. As Burton (74) has reported, the Clo unit,
because of its instant understandability, is an invalu-
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able help in exposition to nonspecialists such as Generals,
Admirals, Congressional or Parliamentary Committees. The
Clo unit was intended (163) to be thought of in familiar
terms, as the thermal insulation in a business suit as worn
in JPhilladelphias s New- Haven, or Toronto, or g soldients woel
uniform for cool weather, or the added insulation given by
a substantial top coat. It must be noted that these
familiar approximate equivalents are not the definition

G5 etl s ghich is precisely stated in physical terms as
0.18°.m= hr/kg cal and is not subject to revision by
collection of statistics (75).

Since the Clo unit, although a physical unit, is ar-
bitrary or practical, a corresponding metric physical unit,
the thermal ohm (T-ohm) is also given. One T-ohm = 6.45
Clo, or one Clo = 0.155 T-ohm. The T-ohm dimensions are
ocme /watt (304); the T-ohm can be considered as the thermal
resistance which requires a temperature difference, in °C,
to cause heat energy to go through it at the rate of 1 watt
for each square meter. Like the Clo, the T-ohm is a unit
of area, resistivity, Jjust ds a "Wweight' of a fabriciis
conventionally weight per unit area. One can have Clo/unit
thickness, or T-ohm/unit thickness, but unless this is
specified, one understands "per square meter of fabric or
clothing with thickness as-is." The T-ohm has direct ad-
vantages in specifying the amount of electric heating needed,
and since any physical, physiological or engineering unit
of power or energy transfer rate can readily be converted
to watts, the T-ohm has been chosen as the single metric
unit for thermal insulation in this discussion. The
T-ohm unit is an 0ld suggestion, advocated before World
War I in Smithsonian Institute publications. Randolph
(325) employed the T-ohm in 1912. Nelms (304) used the
same unit in 1964 apparently without reference to the
older work (although referring to the Tog unit), and has
designated the T-ohm as the "Res" unit. We believe T-ohm
is more self-explanatory, and favor precedent. The T-ohm
is a ten-fold greater thermal insulation than the unit,
the "Tog," proposed by Peirce and Rees (317) as a practical
unit for clothing. One Tog is 0.645 Clo, and is approximate-
1y the insulatien of Iight sumfier clothing.’ Thus, in
effect, we are giving our clothing insulations in Clo
units and in 10-Tog units.

The definitions related to environment, clothing and
man which follow are introductory; discussions in depth
can be found in the detailed presentations and in the
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reference elted in. the' text. In thietdiscussicn 'of 'the
means for specifying and quantitatively describing each
of the elements of the triad (environment, clothing, man)
which follows, we attempt to identify the general scope
of pertinent measurements, but specify at this point

only a minimum number of quantities, a minimum sufficient
for much useful quantitative work, but by no means ex-
hausting the possibilities of measurement or description
rer lenviliet " thie Eritees,

Typical methods for determining quantities are
usually but not always mentioned; no detail of method
and precautions to avoid errors is attempted; this will
be done more thoroughly in Chapter 6 except where some
details of procedure are required. for an "operational
definition." References are given to current general
sources; details and precautions pertinent to work with
human subjects, clothing and fabrics are presented in
Chapters 2, 5, and 6

a. Quantities and Units for Description of the
Environment

At least four quantities must be specified to give
a general description of the environment: (1) temperature;
(2) relative humidity or moisture content of the air; (3)
air movement - rate, direction, and variability or turbu-
lence, and (4) radiant heat from the sun or other sources
of thermal radiation. There are still others, such as
whether the men are indoors or outdoors or whether there
is mist, rain, drip from trees or wetting by contact with
brush or foliage, snow, or spray from waves. These are
special cases of the four main quantities to be discussed,
and call for description in words, to set the picture.
One combined measurement of radiation and convection by
some form of globe thermometer may also be useful.

These measurements are needed in following the
flow of energy from the body to the environment or the
reverse: they will cover energy transfer by each of the
four main routes: conduction, convection, radiationy and
evaporation. Table 1 gives an overall view of the four
routes and the factors of environment, clothing and the
body which make up a minimum set for a complete energy
balance.
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TABLE 1

ROUTES OF ENERGY TRANSFER AND FACTORS INVOLVED

Clothing or

Environmental Intermediate Body
Route Factors RAGLORS | Factors
Conduction Temperature Thermal resis- Surface tem-
difference tance of the perature
material or air
layers
Convection Air tempera- Wind penetra- Preportion
ture tions Including exposed or
Air movement arrangement cHlaEh ol
(neck-cuffs- surface
etc.) to close tempera.-
out wind ture
Radiation Temperature Emissivity, Proportion
of each sur- surface temper- exposed or
face and of ature covereds
sky; solid surface
angle taken temperatures
up by each
surface;
emissivity of
each surface
Evaporation Vapor pres- Resistance Surface
sure in air to vapor temperature
or tempera- di Ffusiiong. «©or and area
BT e e permeability which is
relative index; area of wet
humidity clothing which

is wet

For all the routes, considerations of individual

body areas, each with its own characteristic covering and
temperatures, will be required to get the best determina-
tion of heat balance, although useful estimates can be
obtained by measurements of temperature at a limited num-
ber of points. (Chapter 5)
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Temperature or difference of temperature is the
mewbLAmportant, and mést faniliar, quantity .« for gdir or
walls, this means the "dry bulb" temperature; at the skin
o | iy, Elie -elothing ) S nolsStUre 15 pPresents Ithe meastred
temperatire ‘may he aftelted by evdponatrilgnil Wik de<Laiton
aiss Ghie indication of fan ‘oripinally dry sensor ) .stch as 4
EherhOscEpies,, Telft aiti-bhe spet BRGLE 1N ‘Cones inks s R ttady
state with leecal moisture and temperature, relatioms. The
gefisPr shemid dtse lfaproduge: mimdmun: L8 toFRaNee tothe
flow of heat or moisture.

Unite fior tengeraltineg cf' Gempenebuxes differendes
the Centigrade degree (for up-to-date precision one can
say (elsius (396). but the distinction lies at the very
Limis of presiision foF €lething ok phyEiolegy .. Bzch
degree C is 9/5 the span of a Fahrenheit degree (1.80F).
A few comparisons are tabulated, some rounded to nearest
whole degrees:

P op Notes
Boiling water (sea 1evei) 100 212  exactly
Normal (fever therometer) 37 98.6 exactly
Freezing water, melting ice 0 e exactly
"Zero weather" -18 0
Coincidence -4o -40 exactly
Absolute zero 273 . ~H60

(Kelvin) (Rankine)

The unusually arbitrary nature of the Fahrenheit scale
out-weighs the advantages of its familiarity to English-
speaking people, who are its only users.

Atmospheric Pressure - Unit: Atmospheres, re-
fleTFed: 50 00 0N e or 1H.( Lbs/ine &s: unity. " This is
2002 winchcs, bf METEVET “aits 096, 1ot 4018, millbams s ssinits
used in Weather Bureau reports. For water vapor pressure,
we also use mm Hg, using the shorter term Torr (1 Torr =
1 mm Hg). This will be reduced to Standard Temperature
and Pressure (STP), 0°C and whole pressure equal to one
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atmosphere at sea level, when required. Often "raw
data" measurements or differences at prevailing pressure
and temperature are sufficient for discussion, but the
dasasfor neduction’ to,STPshould be previded.

Vapor Pressure and Relative Humidity (R.H.) -

R.H. is vapor pressure at prevaliling temperature, divided
by saturation vapor pressure of water at the same tempera-
ture, as percent. While R.H. is one of the most important
environmental factors for the adsorbed water content of
clothing, and does influence rate of evaporation of sweat
from the skin, sweat can still evaporate into air which
has 100% R.H., if the temperature of the air is below

skin temperature. Evaporation from the skin is propor-
tional to the difference between saturation vapor pressure
at skin temperature, and vapor pressure in the air. Air
at 100% R.H. at 25°C (77°F) is at only 66% R.H. when rais-
ed to 329 (89.6°F), a representative skin temperature.
The saturation vapor pressure at 32°C is 35.7 Torr; at

259Gk 23 T Torr. Evaporation at the skin is indeed slower,
into 25°C air at 100% than into drier (50% R.H.) air at
that temperature; the vapor pressure differences are 12.0
and 18.9 Torr, respectively; the drier air will evaporate
water from the skin at one and one-half times the rate
for the saturated air, other factors being equal.

In this discussion the vapor pressure of water
from sweat has been considered to be the same as that of
pure water; it is of course slightly lower because there
IS 423 solute content as secreted, and this concentration
increases as evaporation continues. However, the error is
not. I'arge and can be' neglected in ‘comparison with the
much larger other uncertainties. Its size can be estimated;
the solute content as secreted varies with location on the
body, the length:of time sweating has been going on, and
the rate of sweating. According to Kuno (259),a represen-
tative value is about 0.1 molar in Na Cl; the depression
of vapor pressure at skin temperature is, therefore,
between 0.1 and 0.2 Torr. If the sweat on the surface of
the skin. becomes more concentrated by evaporation there
is really no problem, because effective evaporative cool-
ing is taking place.

Additional factors are that if clothing is worn,

the air which is held near the skin, even though raised
in temperature, becomes saturated at the new temperature
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and retards evaporation to the 1limit set by diffusion
an - chesipeel side. SN lotHINE Smpedesr theseonweet Ton ol
warm air away from the skin. Water vapor can escape

at a lesser rate by diffusing through this retained

air layer and through the clothing. In so doing it
will encounter cooler outer layers of clothing as it
diffuses away from the warmest spot, the skin. If

the air nearest the skin is saturated, there will be
condensation in the clothing which will warm the cloth-
ing itself, reducing the temperature gradient near the
skin, and thus retarding the alternative direct thermal
route for escape of energy. Thus,as a further un-
pleasant feature of high atmospheric humidity, the
clothing becomes warmer and wetter by condensation of
water vapor (a sort of within-clothing steam heat) as
well as by any blotting or wicking of liquid sweat
directly from the skin.

The R.H. may be calculated from dry and wet
bulb temperatures, dry bulb temperature and dew point,
or dry bulb and vapor pressure, or dry bulb and water
content, 1f any of these paired measurements are
available, or can be separately indicated by the length-
eniing or ‘ecntiactien of & Polynerie fiber, B i,
including human hair or nylon fiber hygrometerse (3)
A method based on moisture adsorption by swatches is
discussed in Chapter 5 in connection with measuring the
R H. Epsafie jefothing .

Air Movement - Wind can be measured in linear
VRIS e WIT LU | ihines; aleenl/cees, SEihmimn.,, . bF 4 leavhauns
Wind outdoors is gusty, varying from zero speed to twice
they average.'or iforel Records" of yeleoclity find, direct  cn
can be obtained, but an average equivalent rate is
usually sufficient. The jet of air from a fan, or the
current in a wind tunnel, is usually more steady, and
more eenstant in-diredtion But wililleortaif Mmueh OF
little turbulence depending upon the precautions taken
(314). Description of the turbulence or smoothness by
visualization with smoke (for greatest simplicity, as
from a cigarette) is helpful. More elaborate methods
using smoke are given in the book "Wind Tunnel Technique'
by Pankhurst & Holder (314) which should be studied in
any laboratory concerned with directed and controlled
air movement. A more general description of turbulence

ik
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can be given in terms of the Reynolds number,
(Equation 1-1) Ng = DV/S = Dj/g &/

where D = characteristic diameter (such as a man's shoulder
width) in cm

= average velocity in cm/sec

= kinematic viscosity in Stokes

at 200C

= viscosity in poise, QXEE—SEE = 180 x 107 poise

A%

S

Q = density in g/cm3, = 0.0012 g/cm3 for dry air
)? cm

£ok Ay at 20°%

acceleration of gravity

o
I

N is dimensionless and has similar numerical
values for any system of consistent units such
as is used above.

The values of Np give one a general idea of the

prevalence of laminar flow or of turbulence; if below 2000
the stream will almost certainly be laminar; local turbu-
lence can be set up, but will be damped out; above Np =
3000-4000 general turbulence is almost certain excep% near
a surface, where there will be laminar and transitional

layers.

Two examples illustrate the use of Np, setting up
the equation as V = 2000m Dpg. (a) If the characterigtic
dimension for a man is 40 cm, any air speed above 4x10~
cm/sec, i.e., almost any air speed, will produce turbulence.
(b) If the characteristic diameter of the holes in a fabric
it 00T ems andil/6 of thedares is holes: theB air flows
up to 3 cm/sec through the holes, or 1 ft3/ft /min through
the fabric will be laminar.

Schlieren optical methods are powerful tools for
showing local flow and vapor or heat transfer conditions,
as discussed in Chapter 6. It should be kept in mind that
with "still" indoor air there will usually be large scale,
slow-moving convection cells, currents along the walls, and
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convection currents along surfaces of test subjects where
there is heat or vapor transfer; while "calm” outdoor air
is seldom below 225 cm/sec (5 miles/hr) in general motion.
Whether tests are indoors or outdoors and the control of
air movement, if indoors, or the general weather and wind,
(and sunshine - cloudiness) if outdoors, should always be
noted in reporting test results. In some cases a thermal
anemometer (hot wire or other heated element) can be used
to measure equivalent steady air flow in terms of equiva-
lent cooling power (314). Measurements of wind speed and
temperature have been combined by Siple (98, 373) into
"Wind Chill" values useful to describe some aspects of
cold environments, within the limitations discussed by
Burton (84).

Sun or Thermal Radiation - Outdoor tests need to
note the time of year, the time of day, and the latitude to
specify the solar radiation -- also the degree of overcast .
or haze, and the character of the terrain, snow covered, -
marshy, green, shady or bare. These characteristics can
be used to estimate albedo, the general diffuse reflectiv-
ity in the visible region or the corresponding infrared (9
micron peak, long wave) albedo. 1

Indoor tests need to specify the nature of surround-
ing surfaces, whether non-emissive (metallic) or freely
emitting infrared (most others). The effective cleanness
of metal surfaces needs to be assured. Measurements with a
radiometer (190, 397) can assure this; more radiation will
be received at any given wall temperature from non-
metallic or contaminated metallic surfaces than from bright,
clean aluminum surfaces. Aluminum paints or aluminum
("silver") textile finishes are an intermediate case.

The emissivity should be checked, for a 50 to 100°C source,
and chececked during the course.of the ‘tests, since wear
and contamination are very likely to produce changes.

The basic measurements needed for thermal radiation
effects are the temperatures of the clothing surface or
of the exposed skin (397); the temperatures of the surround-
ings, including for outdoors the radiation- equivalent tem-
perature of the sky“or cleudss Tonleach Surface. ‘the
fractional emission, or the fractional reflectivity (either
is unity minus the other in accord with Kirchhoff's law)
(190, 421). A broad wavelength band such as that of the
radiation from a surface at 50°C or higher, to say 100,
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is appropriate, unless one 1s dealing with very high tem-
perature sources, or with sunlight, for which the measure
is the albedo, the percent diffuse reflectance for white
light.

Globe Thermometer for Combined Temperature, Ra-
diation and Convection - Use of the blackened, 15 cm (or
12.2 cm = 6 inch) diameter globe thermometer (Vernon)

( 53) as an indicator of combined radiation and convection
conditions has been advocated for environmental studies.
The original globe thermometer is an arbitrarily chosen
member of a family of instruments which give integrated
indications of changes in radiation and wind effect.
Correlation can be shown to the integrated response of

the human subject to sun (or in general, thermal radia-
tion) and to wind. Such an instrument used in the course .
of outdoor experiments will help in comparisons from day
to day, but is less needed for indoor tests where con-
ditions can be controlled and specified. Equivalence

(for the instrument, not necessarily for man) of different
combinations of wall and air can be verified. Various
alternatives and modifications, such as Woodcock's pro-
posal to use a light grey painted globe, 50% reflective

in the visible range (453) have been made to improve the
correlation with sunshine. Whatever type of globe
thermometer or integrator is used, it should be clearly
described or referenced to a good description.

b. Quantities and Units to Describe Clothing

As will be developed further, clothing can be
described either in terms of what it does (Chapter 2)
or its structure and composition (Chapter 3). The most
general functional properties are: (1) thermal insula-
tion (resistance to passage of heat); (2) resistance
to evaporation, and (3) resistance to penetration by
wind, and the most general structural properties are: (1)
thickness from skin to exterior; (2) weight, and (3)
surface area. Other more specific structural pro-
perties are defined at point of use in specific discus-
sions.

Thermal insulation - The Clo unit has already

been discussed (Seetion 5) as an elception to fthe'primary
use of the metric system. It is worth emphasizing three
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points: (1) that the Clo or the T-ohm is a resistance unit,
so that the total thermal insulation of a clothing assembly
can be added up, layer by layer; (2) that every layer must
oe dceouited for, dnecluding @ir layersS betweensfab¥rie dayers
and the film layer between the outer surface, either skin or
cloth, and the general environment; and (3) that the heat
flow is governed by an Ohms' law type of relation, in which
flow is proportional to potential (temperature difference)
divided by resistance. The resistance is a direct property
of the clothing system and is relatively independent of the
boundary conditions. While flow rates can be used, and are
useful for adding up flow through parallel routes of
different resistance (and often different boundary con-
ditions) the flow depends on the boundary conditions. While
both Clo values and vapor resistance values have tempera-
ture coeffieients, these are small eompared with the dinect
effect of temperature as a boundary condition, or its ef-
fect on saturation vapor pressure. Vapor resistance is
usually determined near 21°C, and so presents no problems
in comparisons. However, temperature as high as 100°C

ey be. used-on, the Job sidelvn Lests Bl TabFie @ Instlastion,
or as low as -40OC outside in tests on men. . The chief

(2/3 or larger) part of the thermal transmission is

through air, for which the thermal conductivity changes
0.3% per ©C (261). The temperature coefficient for fiber
materials themselves is not established, but that for
similar organic compounds is less than for air. Calcula-
ting for air aloné, Table 2, shows some apparent or rela-
tive Clo values for material which has 1 Clo at the
defining temperature range. In general, the temperature
coefficient causes a favorable or conservative error when
the clothing is to be used for protection against the

cold and underestimates the thermal burden in conditions
warmer than those of the test. In the ranges shown, the
er;or due to temperature coefficient is not larger than
10%.
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TABLE 2

VARTATION OF INSULATION WITH TEMPERATURE

Apparent Clo value of material which has 1 Clo thermal re-
sistance under the defining conditions.

=0} = o] Difference Apparent
Hot side Cold side Average of Average °C Clo Value

100 20 60 +3g 0.90

50 20 36 + 0.98

33 21 27 0 1.00

32 0 16 =11 8403

28 -18 (0°F) 5 -22 1.07

28 -40 -6 -33 1.0

Three types of measurements of Clo are possible and
should be distinguished from each other in discussion:

(1) Thermal resistance, from thickness.

Clo = 1.6x (thickness in cm) or 4x (thickness in
inches). Include air spaces up to 5 mm or 0.2
inches. Maximum insulation for some materials may
approach 2 Clo/cm but the factors above are repre-
sentative of good clothing.

(2) Thermal resistance, physically measured

Using a thermal manikin or a portion of such a
model dressed in properly fitted clothing main-
tained at a constant temperature difference be-
tween manikin surface and ambient:

Clo = 0.155°C gz/watt
0.286°%6 m= hr/kg €8l

Fabric layer resistance can be measured physically
by flat.plate methods as discussed in Chapter 6. Clothing
thermal resistance will differ from the sum of fabric re-
sistance, by virtue of air space and thickness differences,
and curvature. The fit of the clothing must be normal in .
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looseness or tightness and in adjustment and manner of wear
to permit comparison with other methods.

(3) Thermal resistance, physiologically measured

Clo = 0.18°C m® hr/kg cal

when the heat losses by insensible persplratlon and res-
piration are accounted for, and the kg cal/m? hr metabo-
lism is determined by oxygen consumption, with allowance
for external work and storage by body heating or cocoling.
Physiological measurements will agree more closely with
physical measurements, the less the body cooling or heating,
and the better the information on diet, which is involved
in energy estimate from O2 use. Body movement and sweating
should be minimized for direct comparison with physical
measurement, but can be varied for their own interest.
Physielogical measurements are the only means of esti-
mating the effect of bodily motion, of sweating, and of
clothing arrangement by the wearer. Mechanical models

are not developed which can simulate body movement, while
arbitrary wetting canigrve 'only J1dmits ceonditlions,l not

the sequence for clothing as it becomes wet by sweat.
Details and references are given in Chapter 5.

Resistance to evaporatlon Simple and reliable
methods for this measurement in terms of equivalent
thickness of still air have been developed (147, 407, 427)
and are described critically in Chapter 6. Methods for
determlnlng Il “thied penmeadi it Ly Tndexy (445) are also
discussed in Chapters 2 and 6. The permeability index,
Jmee A8] &, dimensitonless Fatic rangingil rom ‘gefe ; ne, per=

miiblllty to water vapor, to unity. Since iy is defined
(445) a
R El resistance of material to passage of heat
ig = resistance of material to passage of vapor
resistance of air to passage of heat
resistance of alir to passage ol vapor

ratio

knowledge of thermal resistance of material, or of wvapor
resistance, each capable of heing independently determined,
gives one method to determine ip; such results can be com-
pared with direct determination of iy as a check on correct
understanding and description of a clothing system, as dis-
cussed further in Chapter 2.

20




Resistance to wind penetration: No satisfactory

generally accepted method has been developed, although
several starts have been made (309, 311, 330) as discussed
i Chapters @ Yand, 5 156 4 vsuails e Srank’ Individue. Fabrics
or assemblies from greatest wind resistance to least in the
order of air permeability from least air permeability to
greatest. Methods are discussed in Chapter 6. This gives
only a rank order. The interaction of fabric thickness with
wind penetration is largely unknown.

Thickness of clothing should be distinguished from
fabric thickness: for fabric it can be measured under speci-
fied pressure or tension as outlined in Chapter 6, ‘but for
clothing it should be measured as worn, on a properly
fitted man or manikin. While manikins have been made re-
presenting medians and known points in the ranges of human
size, the quickest economical route to a laboratory manikin
of proper size may be to make a '"dress form" of a representa-
tive individual. The thickness to be measured is the radial
thickness from outside the skin; this can be obtained (the
method appears to have originated with Cochran and Siple)
(101, 180, 269) by a tape measure applied without squeezing
the clothing, and applied at the same level as each layer
is removed. The measured periphery is considered as a
e¢ircle; to caleulate the radius.

Clothing weight can be obtained after adjustment
of moisture content, or as-is, depending on the interest.
To prevent moisture changes, weighings can be made in
closed containers (tin cans with tight 1lids, or plastic
sacks). For greater precision, changes in barometric
pressure between days or during the day: can be noted to
separate changes in buoyancy of air from changes in
moisture content. This correction is, however, small
compared with variations in amount of sweat secreted or
evaporated in different tests. For clothing of average
density 1.3 (wool), the correction for each kilogram of
clothing is only 0.0013 grams for each Torr difference of
barometric pressure.

Clothing surface area: An approximation for the
total clothing area is to take the underlying "DuBois"
body area from height and weight (119, 370). Herrington
suggests adding 0.13 m2 to DuBois Body area for each kg
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of clothing (202) and outlines a more elaborate procedure
based on lateral silhouette and its correclation with body
aress.; . e ehded merih of this: sliggegtion & slimplites 9 L
- mativer whbcl i certainly nolt precige indpraribice bhecaust
the drea vartes with Wyplng, sitting, Standing and any

ma jor change of stance,

¢. Quantities and Units for Description of Man and
His A®EIwity 'Br Heak Rerodinget hém

Individual men differ widely in weight, in Height,
and in bodily build as has been analyzed by Sheldon (372)
and in muscular development and degree of physi.cal fitness
or training. Some measures of the effect of physical
training (389) indicate gains such as 60% in maximum rate
of wmork ‘on.a treadmill after training. Hence it is. im-
portant to arrange a series of tests to balance out train-
ing and learning effects.

Fortunately, the number of the "measures of man'
which are necessary for the study of clothing is relatively
smallY. The ynetabelie rate Tor a. ghiven perisd s/ praimaryis Lt
is the measure of heat production, the "money" in which the
cost of all activity can be measured. The DuBois surface
area, the temperature of each main element of body surface,

or selected surface points, as discussed by Teichner)
402) and the average skin temperature are required. The
interior temperature, measured in the rectum, is welghted
2 to 1 against average surface temperature in determining
body :00ling or warming (202). The signals to the cen-
tral neryous system for physiological changes heve been
shown by Benzinger (39, 80) to be indicated by tempera-
tures’ measured- on- the) edar deun.: Whole Body weisghit arrg, 1iLg
changes are essential to follow evaporation. Vasocon-
striction or the relaxation and dilation of surface blood
vessels are important indications of bodily state, cor-
related with surface temperature. The steady or cyclic
state of vasodilation and blood flow to the arms, hands,
and Tangers .y ihdibcewed b a eentinueous oF iNeahehl iehask
of finger temperature, is also instructive, especially

in and near the zone of quiet comfort (113). Heart rate
is also a quickly responsive indicator of stress upon

the body. Many other physical, physiological or bio-
chemical measurements can be and have been made, which
comtribute ty' clothiing stwdiecs buv a- goed Sbarte.can bhe
made with just seven: (1) metabolism; (2) evaporation;
(3) surface temperature; (4) rectal temperatures to obtain
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the body heat content, whether increasing or decreasing;
(5) tympanic membrane temperature, for correlation with
central nervous system conditions; (6) DuBois surface area
of the subject, and (7) heart rate.

Various modes of combining these measurements, or
of utilizing the rate of change in such measurements, or the
crossing of critical levels, have been much discussed by
physiologists and students of clothing and students of
exercise or stress, without complete satisfaction. A dis-
cussion with respect to testing of clothing will be under-
taken in Section 7.

Activity or metabolism: Physiologists usually use
the kg cal/me hr. Fifty of these correspond approximately
to the metabolism of a man under quiet but alert conditions,
(sitting, in Table 3), and have been termed to 1 Met (163).
Watts for the whole man are roughly twice the metabolism in
kg cal/m2 hr, as will be discussed further in section on
"Reference Man." Various activities are described by Table
3 (the basic data are from Forbes in Newburgh's book) (139).
It should be noted that variation from individual to in-
dividual is large, especially for the heavier grades of
wozk, sevien'with training; although training does Jlewer=the
metabolic cost. Forbes indicates variations of + 10% be-
tween individuals, and for a given individual with his state
of training.

A more extensive set of data for activities and pro-
gression is given by Spector (388) from which selections are
given in Table 4 in terms of the whole man. Goldman and
Tampietro (173) have shown that added load and body weight
are equivalent in energy cost for progression, within wide
ranges. Forbes (139) states that in addition to the effect
of its weight, clothing adds to the metabolic cost of walk-
ing or running, by less than 5% for street clothing, and
by approximately 10% for arctic clothing. The cost varies
greatly with fit.
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TABLE 3
GENERAL LEVELS OF ACTIVITY

Condition or Activity

(young man, average rather Total Metabolism
tHanjat pagk training) (including basal)
k% €anl Watts for
me hr "Reference Man'
Sleeping, post digestive 36 72
Lying quietly, post digestive 4o 80
(Average for day, including
digestion)
Sitting 50 100
Standing 60 120
Strolling, li-mph 90 180
Level walk, 3-mph 155 310
Level run, lO0-mph 500 1000

Sprint (cannot be sus-
tained for an hour,

only for a few seconds) éQOOO) (4000)
Light activity 0-100 120-200
Wemk, Lizht 100-180 200-360
Work, moderate 180-280 360-560
Work, heavy 280-380 560-T760
Work, exhausting over 380 over 760
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TABLE 4

ENERGY COST OF VARIOUS ACTIVITIES
(FROM TABLES 315 and 316, SPECTOR) (388)

Increase QOver
kg cal/hr Basal %

Driving car 168 139
Driving motorcycle 204 191
Shoveling, 8 kg load, 1lm

lift, 12/min Ls0 541
Coal mining, loading 426 507
Walking, horizontal, 9 kg ‘

clothing and apparatus

hard surface road, 5.5 km/hr 330 370

grass-covered road, 5.6 km/hr 390 L56
plowed field, 5.3 km/hr L80 584
Walking, hard snow, 6 km/hr 714 917
Walking, hard snow, 9.1 km/hr 966 IRPT
Walking, soft snow, 20 kg load,

2.9 km/hr 1242 1669

3 Walking, snow shoes, soft snow,

4 km/hr 828 1080
Walking, 20 kg load, 1.6 km/hr 210 199
Walking, 20 kg .load, 3.2 km/hr 270 285

.8 xm/nr 360 413
.4 km/hr 540 669
.0 km/hr 846 1105

Walking, 20 kg load, 4
Walking, 20 kg load, 6
Running, 20 kg load, 8
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Evaporation is determined by weight change. De-
tails are discussed in Chapter 2 and in Chapter 5, section
3a(3). Sweat secreted is also determined by weighing; not
all may be evaporated, so the clothes and the man must each
be weighed. Weight is measured in the usual way, in kg.
Scales sensitive to at least 5 grams are desirable for eva-
porative loss studies, but the total, on the order of 70 kg,
presents problems in rapid and precise weighing. Precision
on weight change is more valuable than absolute values of
total weight. Water added by drinking, or lost as urine,
must be accounted for in following weight change, and the
temperature noted, for complete heat balance.

Surface temperature is the average of temperature
measurements in each of a number of areas, weighed in terms
of the fraction of body area represented. As many as 20
separate measurements have been averaged (193), while cor-
relations and comparisons with a 10-point system have in-
dicated that for many purposes, one measurement, on the
medial thigh, can be representative of the average of the
whole (402). 1In the cold, measurements of toe and finger
temperatures are useful checks on reported sensations and
precautions against freezing.

Rectal temperature is measured as an indicator of
core temperature. Changes in it are combined with changes
in surface temperature to give an estimate of body cooling
(loss of heat) or warming. A curved probe bearing a thermo-
couple or thermistor, inserted 8 cm, is recommended (455).
The fact that rectal temperature depends on the technique
of measurement, and is only a (relatively convenient)
indicator of deep body temperature, not a measure of average
deep body temperature, is emphasized by Burton (85). A
weighing of 1 for average surface temperature, and 2 for
core temperature has been used (202).

Area: The whole surface of a man is not effective
for dissipating energy by radiation. Opposing surfaces block
each other under the arms or between the legs. The total
area, often called the DuBois area, is measured by height-
weight formulas or by more elaborate means. The metric
unit, m2 is used. Precision much greater than 0.1 e 48
not usual, although areas may be stated to two decimal
places. The area for radiation depends on the posture,
from 0.50 (curled up) to 0.80 times the whole area. A
good figure for sitting, or for the "mummy" position is

Ok &% On7s il 7.
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6. Environmental Ranges and Corresponding Clothing

A great deal of systematic work on clothing and climate
was accomplished in the U.S. and Canada during World War II
to know and be prepared for the clothing needs in locations
and climates anywhere in the world. This has continued
with efforts at service unification (one type of uniform
and equipment for U.S. Army, Navy, Marines, and Air Force,
instead of four, wherever possible), simplified logistics
and a fit-together, global uniform concept with basic
units for the temperate zone to which items could be
addeddorsthereCldenhs  or subiracked sd or*the Wairmeris#ones",
so that tropical gear could be close to U.S. summer equip-
ment, and Polar gear added to the U.S. winter uniform.
The older work of World War II is summarized in the book
edited by Newburgh (307).

In England, systematic and organized study of climate--
clothing-man relations has combined new experimental work
with review and re-interpretation of the knowledge derived
from a new look at three centuries of imperial and colonial
experience. E.T. Renbourn of the Physiological Branch,
Farnsworth, has presented fascinating historical studies,
illustrated by contemporary photographs or drawings (some
from the Indian Mutiny of 1857) (334) and field reports
dieh- el cenbinentes(331L," 382, 3335 335, BBA).

Commonwealth and Tripartite (and NATO) conferences on
"Clothing and General Stores," in which the U.S. Quarter-
master group have also participated as observers or con-
tributors, have been held periodically, involving such
groups as the Equipment Physiological Branch of the War
Office (U.K.), the Canadian Defense Research Laboratories,
and their opposite numbers in Australia, Pakistan, India,
and other Commonwealth countries.

Work in this same tradition continues, for example,
studies of acclimatization from cool and humid England to
hot and arid Aden (124) and in Israel (357), for mountain
conditions in Pakistan (6) and for polar conditions by
many nations in Antarctica. Good general discussions of
Antarctic conditions are presented by Siple (376) and by
Henry (200), and technical reports can be located through
Aerospace Medicine and Biology, NASA SP 7011, which covers
both the report and general literature. In Russia, Canada,
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and Adesiks . lange. opulaiiens, - compaired Witk @t recenbily
as 1940 - are coming to live in the Arctiz »n permafrost
1 S HLes ,, hok tisoleiied seittiighents (131 ). §iihe Armcic
Institute and other groups under private, national, »r Unlted
Natiens auspices have nurtured advences Ln living Up ‘eveary
type of environment. United Nations organizations and
natibnal, efTorts are stimylaEing devEiloppment. ant battcr
heelth through adaptaticn 1o envirenpment La fhe developizg
CoUiitiries s« Th generall, these dgenfies ane ICGonttirncd, Oy
in small part wigh elething,. but areiexdellemt Sources. Bk
climatic and geographic and ethnological and ecological
information.

The mMest therengh Afd detalled fstulies el elotlhmne
Fefrinemen ts “IoF fthe'Mkorldls Envir nmcn s’ aveE yprebalklie Been
those of the U.S. Army Quartermaster Corps. These have re-
sulted in a "World Guide for Field Clothing Requirements"
(390), and more detailed studies of special regions such
as "Clothing Almanacs'" and "Climatic Handbooks." The Clo-
thing Almanacs give clothing requirements month by month
with: Tegartd for al&itiuds and Ither factsrs,, based sn.de-
teiiled seudy of Hlep elihate gnd Wedther. Exampleas jares
the. Unived Btatew (12), o Seuth Egsh AsiatIL): & The
Climatic Handbooks describe the weather and terrain of
accessible western hemisphere localities which can be used
a3 examples of important climatic types and terrains.
Selected examples are Yuma, Arizona (desert) (241), Fort
Sherman and Fort Gulick, Canal Zone (wet tropics) (431),
Fort Greely, Alaska and Fort Churchill, Canada (dry cold)

194), and for temperate conditions Fort Lee, Virginia

347 , an important Quartermaster Center for field and
enginsering testing of elothing and home «©f the famous
"Combat Course' for wear-testing of clothing resistance

to abrasion in use. It is interesting to compare the depth
of detail now available to the information available in
World War II when heavy dependence was wisely put on '"men
who had been there'" and on such records as could be
hastily assembled. The information had become fairly wesll
systematized by the time Wulsin, Siple and others contributed
sunmaries to Newburgh's compilation (307).

The Weather Bureau has compiled and published sum-
maries of long-term records for particular localities -
for example, the Climatic Handbook for Washington, D.C.,
(460) which was published in 1949,covered 75 years. Such
compilations, available in the files of the Weather Bureau
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permit finding the probable frequency of particular weather
combinations, and how many days such combinations can be
expected to persist.

These studies can be summarized in a relatively small
nunber «ofi eldmatlereombinatlons ds:Set ont inilable 15,
which gives the temperature ranges used in the Quartermaster
Clothing Almanacs (12). Table is a summary of a dis-
cussion by Siple (374 based on the layer principle.
Table 7 illustrates the climatic zone concepts by means of
some specific locations. All of these groupings are based
on four directions of departure from temperate: hot-dry,
hot-wet, cold-wet, and cold-dry.

It is important to realize that extremes of tempera-
ture and humidity, although often considered singly, do
not often come simultaneously. Thus, high temperatures
(above 35°C, 950F) are not associated with the highest
relative humidities, but usually with rather dry conditions.
High relative humidities usually are registered from mid-
night till after the sun is up - the period of winter fog -
because that is the period when the air near the ground is
cool - and with rather moderate daytime temperatures, 27-
320F, Even the most humid Jjungles are seldom high in dry
bulb temperature. Tables of climatic extremes have been

compiled (377).

TABLE 5

CLASSIFICATION OF U.S. CLIMATIC ZONES
CLOTHING AIMANAC 21: UNITED STATES

(12)
Average Temperature of
Coldest Month Warmest Month
S (¢ o 20
I Tropical Above 68 20 Above 68 20
II Semi-Tropical 50 to 68 10-20 Above 68 20
IIT Warm Temperate 32 to 50 0-10 Above 68 20
IV Mild Temperate Below 32 0-10 50 to 68 10-20
V Cool Temperate Below 32 0 Above 68 20
VI Cold Temperate 14 to 32 -10-0 50 to 68 10-20
VI feeEhie Below 14 -10 Below 68 20

e9




TABLE 6

CLASSTFICATION OF CLIMATES
Adapted from a discussion by Siple (374)

by elotliing by by
required for temperature regions and
warmth¥* and moisture seasons
less than a complete hot, humid tropical and sub-
layer tropical, temperate

summer; deep mines

one layer (by day) loby ey desert; temperate

more may be needed summer

at night

two layers temperate fall
and spring, mild
winter

three layers ceildy dRy temperate, cold win-

cold, wet teBpocsantcinTihvences

fog, sun often clouded
over

four layers eold,, dxi subpolar; winter polar
summer

activity needed for extreme polar winter

balance with any eold dry

practicable clothing;
shelter needed for rest

*NOTE: There is a gradation from light to heavy in each
layer so that there is overlap.
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TABLE 7

1 GLOBAL AREAS FOR FIELD CLOTHING RFEQUIREMENTS

Based on mean daily minimum temperatures and daily and
monthly extremes of temperature; also on precipitation, and
duration of seasons. From "World Guide to Field Clothing
Requirements," by M.E. Sprague and C.W. Ross (390).

Area Description nxample
1 Warm or hot all year Panama Canal Zone
2 Warm or hot summers, mild  gGulf eocast of U.3.
winters
3 Mild all year Coastal Soutinern Cali-

fornia to 35°N; e.g.,
Los Angeles. Pasadena

4 Warm to hot summers, Arkansas, Tennessee,
coolito told winters southzrn Kentucky

5 Mild to warm summers, California coast and
cool to ¢old winters central valliey north

of - FEONS eLEgem. San
Francisco, Sacramento

6 Mild or warm summers, Utan througn Fennsylvania;
cold winters Conn=acticuv, Mass., Rhode
Island
T Mild summers, cool to Vancouver, Nova Scotia,
cold winters Newfoundland
8 Mild or warm summers North Dakota, northern
> 3
very cold winters New York, Vermont, New
Hampshire, Maine
9 Coel SiUMmens s extrenely Intezior Mlasia, Shillkon,
cold winters Euidson Bay, Labrador,

Greenland, Antarctica
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A usetul set of references covering a wider range in-
cludes travel guides and especially such publications as
"xploration Medicine" by Edholm and Bacharach (123). In
general, a tactical commander might prefer to have "country
boys" from parts of the country which have cold winters, to
any ether reeruits, '‘but the ‘often non-verbalized  sklidls, of
outdoor living can be put in words and planned practical
training exercises so that they can be taught to and learned
by all who have the desire or need to be outdoorsmen.
Special books on microclimate, such as Geiger's "The Climate
Near the Ground" (167) are helpful to understanding the en-
vironmental side. Older books, such as those of Huntington
on "Civilization and Climate" (232) contain more of New
Engiand self.satisfaction and selfe.congratulation than
factual data acceptable to a United Nations Commnittee, but
Such boolss «douraliserand sbegin. the esmploration: oLy the
question of the relation of the "Energy of Nations" (277),
or national character to the environment, and (rather in-
cidantally) to the clothing and housing suitable for the
various localities and their seasons. The whole question
of permanent tropical domicile of families of temperate
zone - mainly European - origin has been discussed by
D:H.K. Leé (267). It i natural fo6r éaeli of ‘us ‘to Dring
ama:lan) SErmadvarls. 'O NeftEenailsiicel fnas e “the prohichtod
man and locality; the fact probably is that wherever
"natives" can live, anyone can live, and that people with
developed technology and a wide and deep educational base
can live better - even in areas (and climates) presently
not considered habitable.

7. Physiological Indicators of Comfort or Stress

ThE Segioh,For oljethive Indicatichns of eeomiorthor safe
endurance has been based on the general concept of heat
balance; that one should be comfortable in a thermally
neutral condition, neither gaining nor losing body heat con-
tent, and with '"normal" skin temperature in all areas. As
shown in €Chapter 7, this approach has proven rather in-
capable, in practice, of differentiating between various
types of fibers made into similar garments. Either there
really is no difference in comfort between nvlon and cotton,
where much "accepted opinion" reports a difference (albeit
usually without any quantitative objective evidence) or the
right quantities to measure have not been found. Reliable
subjective comparisons can be obtained as will be explained
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in Chapter 7. To some extent the cyclic change of circula-
tion to the extremities is an indication of temperature re-
gulation in the neutral zone by vasomotor control mechanisms.
Flow in the finger is an indicator of such vasomotor control
(71). The temperature of other areas of the body does not
yield much information on the boundaries of the comfort
gilbaibes

While not sensitive indicators of comfort, heart rate,
sweating rate, and deep body and skin temperatures do give
usefulinformation about stress by, either heat or cold.
Safety limits in each direction should be observed, as
discussed in Chapter 5, so that tests can be terminated
without risk to the subjects. There have been numerous
proposals for combining indications from temperatures at
selected locations, sweat rates, heart rates, variations
of temperature with environment or work, and amount of sweat
secreted in certain periods, as well as blood lactic acid
content or catecholamine content, in indices of stress.
These factors are also used together to indicate adaptation
graetilimsatization o hest on cold s o wne ef- those - -saesns
to have wide acceptance; each has value in special circum-
stances, and one or more, hopefully appropriate to the test
situation, should be observed and recorded. Much effort
has gone into telemetry so that observations can be taken
on men in the open, but observation at intervals (15 teo 3@
minutes) is still a useful procedure.

8. FPactors for Mental Arithmetic in Clothing Problems

It is a great advantage of the '"Clo" and "Met" units
(163) for clothing insulation and metabolic activity that
they lend themselves to mental arithmetic in terms readily
understood by persons not technically trained in either
physics or physiology. This convenience can be extended
by using some additional approximations. To emphasize
that these constants are not for any "standard" agreed upon
by some standardizing group, we describe the man character-
ized by this group of mental arithmetic values as '"Reference
Man" and the properties of his clothing as "Reference Cloth-
ing." These are not properties of average man (or some
specified group such as U.S. soldiers), but are representa-
tive of the central group in that they lie well toward the
center of the normal range. The convenience as a represen-
tative case for mental arithmetic is the chief merit of

33




these Tigures.  For actusl wen, the ramge (T ek icn
should be divided into groups which can be fitted with
similar clothing by their tailoring measurements and
body type as has been discussed for winter or arctic
clothing by Winston and Kennedy (443).

a. Reference Man: 1 Met = 100 watts, Area = 1.7m2

The Met unit is on a square meter basis. The
energy production of a whole man, at the r%te of 1 Met,
is his area in square meters x 50 kg cal/m= hr or times

50 x 1.16 watts/m?, For the convenience value 1 Met
borreoponds to 100 watto, this calls for a man:of area
ils (hm‘ Or's  :BIVNEEE; Ak Tme > (Area cannot Eeadlly be es-
tlmated to greater precision than + O. 05m

iEite. (145, frequently stated that an average young
American male, i.e., a typical soldier, has 1. Bme effen-
tive area, so that if we take 1 Met = 100 watts for
"Reference Man" we would have a small American, or per-
haps a large Oriental or city dweller in either Europe
or America, according to Spector's compilation on national
and ethnlp groups (3%7 Much physiological data is in
K? cal/m? hr; this can be approximated into watts for
"Reference Man" by gl e By 2e

b. Dry and Evaporative Heat Loss, Cool Side

Some of the energy loss from a man, even in the
cold, is by insensible perspiration through the skin, and
by evaporation of water in the respiratory passages, and
by warming the air which is breathed. BRurton calculated
(78) that only 2.35 kg cal/hr were required to warm air
from 200C to 379C, for the respiration of a resting man.
This and the much larger evaporation, both respiratory
and through the skin can be lumped together at 25 percent
of the metabolism, for approximation in cool temperatures,
vith no frank sweating. With definite sweat secretion, as
well as for exercise in the cold while wearing clothing,
special account should be taken of evaporation, by means
of weight change. '

¢. Skin Temperature; Evaporation Relations

The range of skin temperatures during active sweat-
ing is narrow; one temperature can be used for mental arith-
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metic on evaporative cooling. Burton (76) has advocated
using 0.6 kg cal as the cooling produced by evaporating
one gram of water at skin' temperature, instead of 0.58

as listed in "Steam Tables" for this range. The larger
value is more accurate because it iIncludes the energy ab-
sorbed in mixing with the general atmosphere. Hardy (190)
glves a complete discussion, but this point has often not
been recognized. It is in fact small compared with other
uncertainities in physiologlical measurements, especially
the uncertainity regarding the efficiency of evaporation
in the clothing for cooling the body. The value 0.6 kg
cal/g 1s convenient for mental arithmetic assuming 100%
efficiency. At 340C, the saturation vapor pressure is 40
Torr, another convenlent value.

Burton (76) indicates a useful approximation: to
take the evaporative cooling (kg cal/m2 hr) as 5 times the
vapor pressure difference in Torr (mm Hg) from skin to
general environment divided by the resistance from skin
to ailr, measured in cm of still alr. In addition, Burton
points out that while 1 Clo is the thermal insulation of
an ordinary business suit, 1 cm of alr is, quite approxi-
mately, its vapor resistance, so that for some purposes
Clo values and cm alr values can be equated.

For many purposes, the evaporative resistance in
cm of still alr may be taken as twice the clothing thick-
ness (2 to 4 times fabric thickness). For closer equality
of thgrmal and vapor resistance the factor would of course
be 1.0.

d. Reference Clothing: 1 cm = 1.6 Clo

The tape-measure method of determining clothing
thickness, and of estimating Clo value by the increase of
thickness using a factor of 1.6cm/Clo or 4 Clo/inch, has
been mentlioned. The originators of this method counted
air spaces up to 0.2 inches (5mm) and converted by the
rule: one inch = 4 Clo. Burton has found, considering
the initial slope of the line of Clo units against thick-
ness of air space, that the practical maximum lnsulation
of alr space laKers in tests with rather simple equipment
appeared to be 4.7 Clo/inch (81). Monego, et al (289)
have reported measurements on polyurethane Toam layers that
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extend to 5.20 Clo/inch, so the possibility of insulation
values in the range 5 Clo/inch is real for flat sheets of
material. However, 5 Clo/inch or 2 Clo/cm, convenient as
it would be for the metric system, 1s probably not possible
in FEallelothiine “secamse of Che curvature Erifeetis' gnd che
conyveetdon Snvertical oy spaces ;) s disecussed by BurLen.
Therefore, the conservative estimate, 4 Clo/inch or 1.6
€le/en Should; be ugedt This 18 equivglent . te 0.25 I-ohm/
cm or 0.62 T-ohm/inch, to two significant figures.
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CHAPTER 2

CLOTHING CONSIDERED AS A SYSTEM
INTERACTING WITH THE BODY

1. Clothing as a Quasi-Physiological System

Just as the several physiological functions of the body
can be analyzed and described as systems, such as the di-
gestive system or the nervous system, we can consider cloth-
ing as a quasi-physiological system, an extension of the
body which interacts with the body. Smuts' (378) concept
el “holilsma' that 'a whole deimore ‘Ghin. the. shil, of its BarEss
that it is the parts in a definite structural arrangement
and with mutual activities that constitutes the whole, is
the guide to thinking about the functioning of clothing
while worn on the body. It is important to realize that
the clothing 1s met just a passiwe cover for The.skKing butb.
that it interacts with and modifies the heat regulating
function of the skin and has effects which are modified
by body movement. Some of this interaction is automatic,
derived from the physical properties of the clothing
materials and their spacing around the body; the larger
scale interactions, however, arise from consclous choice
of amount and kind of clothing, and mode of wearing, es-
pecialisy How the elothihg is colosed upl er "lelt opemn.afie
loose.

2. Clothing as Air or Modified Air

We need to think of fabrics as mixtures of air and
fiber, in which the fiber dominates by weight and visibility,
but the air dominates by volume. Table 8 shows a range of
representative fabrics with weight (per unit area), thick-
ness, and fractional volume of fiber. The pressure at
which the thickness was measured is also shown. In use the
pressure on fabrics varies, and the thickness is also in-
fluenced by the effects of tension. It is the thicker and
more voluminous fabrics which are hairier on the sur-
faces and more compressible in internal structure, while
the measured thickness of thin, or firm fabrics varies
much less with conditions of measurement. The pressures
used in Table 8 are all relatively high compared with most
conditions of use, so that the calculated fiber volumes
are correspondingly high estimates.
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TABLE 8

FIBER VOLUME IN FABRICS

Fiber Thick- Refer-
Fiber, Fabrics Volume Weight Pressure ness ence
oz/
COTTON % yd2 g/m2 g/cm2 mm
SoicEw., increass. 2l 10,6 3360 0,7 e 52
ing pressure 28 (480 Bl
38 70 0.61
Knit undershitt 13~ U2 142 Fd) GRSl 147
Balloon cloth 2 300 BrSE 7.0 D%l
Herringbone twill 27 ol 2l 7.0 oLEs
LioASEilvley eloth 47 TFali 250 70 0.41
J.P. Stevens 1650 48 7.9 267 (O 0.38
laep Tt 2. U3 145 3.5 0.0 428
Flannelette 16 4.6 158 3.5 0.99
Chambray gl 5.5 166 e 0.51
Plain 32 L.5 152 3.5 0.31
WOOL

Serge, 16 oz. 25 10.4 351 7.0 0.96 147
Shirting, in- 16 e N80 B 3.94

creasing im ) S E] S
pressure 5 70 2.39
2/2 Tl 19F 10,8 338 3.5 1.35 428
Melton 2l .9 Lo 3.5 s
NYLON, FILAMENT
S T (BELl, ho 3.1 %Wl e 0.20 Tty
similar, calen- Low 5.2 1981 Pl ORls

dered
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Table 8 includes examples of the most Lirhtly woven
cot.ton fabrics, but even they do not rise as high as 50%
fiber volume; with wool fabrics one is seldom above 20-30%;
with filament yarn fabrics in twill weave one can weave to
higher fiber volumes than for the hairicr staple yarns which
are spun frem short fibers, but even so, to go above 50%
fiber volume requires weaving at the limit. Flattening of
thermoplastic fibers by calendering can also increase the
e tuife ‘aecupied hn fiber. The tabiler 11 1hettrates the “tact
that only exceptional fabrics depart from the range
characteristic of most apparel fabrics for which the space
between the surfaces is from 60 to 90 percent air.

Fabrics no matter how gossamer, have thickness and add
to the resistance to transfer of heat and moisture, more
because this thickness is largely composed of air than be-
Eanise dibvicon tamans) (D ERET. “Wonen. Fepont ‘that -even &, 'sheen
nylon stocking gives perceptible protection asainst cold
and that added warmth is noticeable in summer. ;lothing
fabriecs range in .thickness from about 2 mils to 200
(000 mils. = 1 inmeh) (50 micrens to-5 mm) pek dayer, altiousl
some sweaters, pile fabrics, overcoatings and blankets and
materigls nsed in sleeping bags are thieker.

&. +The Limit Cese: The Alr Filh &8 Clothing

Even in the limiting case, no clothing, the surface
of the body 1s not in immediate contact with the general en-
vironment. This contact is mediated through a personal at-
mosphere, the film layer next to the surface of the skin.
This film layer is the result of the frictional drag be-
tween- moving air and any surface. The skin by its surface
roughness or hairiness certainly affects the thickness of
this layer; however, hair is a major influence only on the
headis the controlling facteor for the thickness of the Tilm
layer is the wind speed in the environment, or the relative
notianlofthe body with respect to the air. Tvew in "stild
air," without wind, as in a quiet room, there is some re-
e tire mosakn, the "maturalcenvectidn,' it tlers is a
temperature difference or if there is a difference of wvapor
pressure between the skin surface and the general air.

This natural convection sets a limit to the thickness of
the film layer under windless or indoor conditions.

It is not accurate to think of the film layer as
really still air: in fact, the rate of movement relative to
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ther sleiny THeTeases T1bm 168 Iowest walueé ot the sl ke
the general average. The concept of "general average' air
speed also requires reservations: the general environment
is usually turbulent with gusts and eddies and changes of
giigettlonfas well das ueloetty. However,  Ltiisitsetuls e
follow a concept introduced by Langmuir (262, 297) to think
of a laminar air film, with velocity graded upward from
zero &t the skim o g steady Ilew eguivalent lm'‘heat;ex:
chanae capaeihy e the distvirbahnice Tevel Gl e senertl]
environment, and to consider the moving air with its
velocity gradient as a film through which heat and water
yaper Smiet gilftuse . [PFhrom . .fhe.point of wWwedw  ei Ndisf s ey
such a laminar layer is equivalent to still air. By this
simplified view the effect of air itself as heat insu-
lation. or &as Tegistvanece Tt evaporbtion ‘cen be measured:.
Table 9 is Burton's table of standard values for insula-
tion of moving air with some additional air speed conver-
sions, This Table can be used at all temperatures from
-40 to 259C, since, as Burton has shown, the changes in
convective power of the air are very closel§ balanced by
ehahges g the padietien frem fhe SUrided (S0l

TABLE 9
INSULATION OF AIR FIIM AND
CORRESPONDING WIND SPEEDS, FOR ALL TEMPERATURES
(from Burton and Edholm, page 51 (80))

Air Insu- Wind Speed
latLon Clo Tt/min .cmfsee Tn/hr -mph knots Beaufort Scalea)

0.1 4500 228y 83.3 EL0 A0 CrStrete jmalle
0.15 2000 TFO1S SF.6, (22T 2648 5 Fresh breeze
0.2 1050 B3t 195 11.9 10ue . vIrYsterate

0.3 425 216 %28 4.85 4.48 2 Light breeze
0.4 210 107 4.0 P80 2219 1, EiEd e
8.5 120 &l 2.2 LA  LEEE6" 1 Mashh a5
0.6 75 38 y B s ORNE 1D Qi

6% 50 25 Q281 « On5E7 Ow5a" «OEeskn

0.8 35 18 &6 Ouil O3\ 10 @ada

0.85 30 15 .56 ' ©L8L OB ©@adin

a) From Smithsonian Meteorlogical Tables, 5th Ed., Washington

(1939).
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b. Alir Layers Between Fabric Iayer:s

In the usual case, when clothes are worn, the same
consideration applies to air films outside the clothing.
In addition, we have a new layer of air in the inner side
of .each:layer of fabric, The thickness.oeof these internsl
air layers depends on the pattern and fit of the clothing;
for body-hugging elastic knit wear, or for wet fabric ad-
hering to the skin, this thickness may be zero. But a
requirenent- for filtting J‘one ‘garment. over anether, jand £or
motion within and between multiple layc¢rs, is progressive
increase of circumference and of thickness along any
radius from underwear to outer wear. Tnis is 1llustrated
by Table 10 which shows that nearly half the space within
the clothing is air space between layers.

The insulative value of the air layers between
fabrics, and of the fabrics themselves, can be approximated
by a rule of thumb or tapemeasure, that each inch or 25 mm
of clothing thickness = .4 Clo of insulation {or 1 cm =
1.6 Clo) determining the clothing thickness from the radius
do'f Refre e - nefineya Uape measure. o \get the eilfeumfarence
witheutVclofhing and ks ecathr layer is8 afdded. . The Twcresists
per layer will be greater than the fabric thickness. Up
to, but no more than, 5 mm (0.2-inch) of such air space may
e sseumied gy @1ething Ghisknessy, L whe Tirst ewamnplie
i Fapd e 10, 3, 10mm of internal @iir space excceds this
limit so that 22.5 mm of effective air, plus 27.5 mm of
cloth, totalling 50.0 mm, would appear to correspond to
8 Clo at the chest level. The 4 Clo rating of the assembly
as a whole comes from the lower effective insulation over
other body areas where the air spaces are larger, and the
curvature greater.

THe Second example 'ip, Table 10 shaws hews in 2 mere
recent version of grctic uniform, the girth and radius in-
crease even more with each added layer. Corresponding
fabric thicknesses are not available, but it is evident that
the later model allows more air space, both for freedom of
movement and for fitting a larger range of men with a
Limited pumber of s1izes, In the greater air spaces!, cohs
vection currents reduce the insulating effectiveness, so
that there is not much insulation gain for further spacing.
Indeed, by utilizing the chimney effect, one can get in-
creased cooling with such air spaces, if the channel can
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TABLE 10

ATR IAYERS BETWEEN FABRIC LAYERS,
ARCTIC UNIFORM, CHEST LEVEL
(Data from Cochran, 1944 (101))

Radius Increase Cumulative

Air Fabric

Layer (mm) (mm) Qmm]

Skin 0.0 0.0 0.0
Air 5.0 5.0

Undershirt 2.0 2.0
Air 5.0 16.9

Flannel Shirt 2 50 )
L &3l 18520

Jacket, Field, pile 11.0 1550,
Air 5.0 230

Parka, Field, pile 142 26.2
Air 2.5 25.6

Parka, Field, cotton L5 27.5

Total 53.1 25.6 27 .5

Total effective 50.0 22,5 27.5

ARCTIC UNIFORM, CHEST GIRTH FOR MEDIUM SIZE
(Data of Winston & Kennedy, 1953 (443))

Increase
Girth Radius Cumulative
Layer (in.) (cm) (in.) (em) Cum)  Cmm)
Skin (35"-39") 37 94.0 B+80 1O w0 B0
midrange
Undershirt, winter,
M-50 4o 101.6 6.57 16, 18126 J2u8
Slasiire, eeteltt, Weosl,
&0, 08 46 T16.80 -y.32 481 Pl U0
Liner, Jacket, field
M-51 4o 5/8 126.0 Fi8E 2007 1.6 63T
Jacket, shell, field
M-51 heg 972 128.7 TFubo D02, =5 B2
Parka, liner, M-51 59 149.9 .30 28,86 384 0996
Parka, shell, M-51 59 149.9 9,39 23.86 040 9O6
Parka, field, over-
white, M-50 66 187,60 Te.50 26168 26.3 Wer S
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be open all the way (152). The larger spaces in heavy
clothing can, however, be valuable in permitting more
automatic decrease of insulation with increase of body
motion.

The question of minimum air space between layers,
or from another point of view, the difference between
multiple layers and single layers, has been investigated
by Morris (295). She found that the thermal insulation of
multiple layers was greater than the sum of the insulation
for single layers, even though in each case the assembly
or layer was measured at its thickness under a pressure
of 0.02 psi (1.4 g/cmg). The multiple layers averaged
1.53 Clo/cm; the single layers only 1.32 Clo/cm. This
indicates either an effect of air layers trapped between
the fiber surfaces, or an effect on heat conduction along
the fibers, more of which continue a larger fraction of
the distance from one surface to the other in a single
thick layer than in two layers. Rees (328) also inves-
tigated the effect of multiple layers of a given fabric
exposed to a wind; he found less insulation per layer
for each additional layer, as shown in Table 11, for two
of the three fabrics. It may be that this indicates
differences in wind penetration, and an increasing effect
with thicker layers of the more permeable fabrics. PFurther
tests, with fabrics of known porosity and pesrmeability,
would be instructive.
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TABLE 11

EFFECT OF MULTIPLE IAYERS
Calculated from Rees (328)

Ne. of Layers.: It 2 - 3 b
Fabric Relative Insulation
Wool 1.00 1.97 2.95 3.99
Cotton iL.GB 169 25Ty
Viscose/Cotton 152086 HE4y 5 2.55

Relative Insulation per Layer

Wool 1300 .99 .98 1.00
Cotton 1.00 .95 .02
Viscose/Cotton 3 ) .88 .85

¢. Thermal Insulation in Relation to Thickness

Several studies of the variation of fabric insula-
tion with thickness, collected in Table 12, indicate that
the imswlgtion, gain isy from 1,to, 1.6 8lofem, with the 1.6
Clo/cm indicated by the tape measure rule at the high end
of the range. Two chief reasons for this are: (1) thick-
ness for fabrics is usually measured under a pressure which
is large compared to the pressures while the fabric is
being worn, or tested for thermal insulation, and (2) in
clothing the air spaces between layers also contribute to
thickness (up te 5 mm).

The results indicate that to a first approximation,
the thermal insulation of clothing fabrics can be attributed
to the air contained within them. This does not say that
second order but worthwhile improvement cannot be obtained
by careful selection of materials and structural forms for
their thermal insulation per unit thickness relations. How-
ever, weight at given thickness, retention of thickness
under pressure or tension, and recovery of thickness on re-
Jdeases -durability, andi Flexwibillity and' defonmabillity iR, the
ways needed for clothing, are often more important than the
insulation/thickness relations alone. Insulation per unit
weight of fabric is probably the single most useful "figure

4l




of merit" where large insulations are required. Rees hag
proposed Thermally Effective Specific Volume (TESV) as a
measure, the ratio of equivalent air thickness to weight
per unit area:

TESV = cm air = cm3

g/cm? g

TESV avoids the problem of measuring fabric thick-
ness, but adds that of the thermal resistance of air it-
self. If there were agreement on this, one could also use
relative thermal resistance, the ratio of (fabric thickness)/
(equivalent still air thickness).

For tBe equivalenf layer of air, Rees uses Kair =
0.0006 cal/ecm= sec(°C cm™+) or 2.56 Clo/cm. As shown in
ithesfiiaaress Se aia colillegted tn Takle L2, this i cmuch
higher than the experiments on narrow horizontal air space:s.
Burton has argued that the low thermal conductivity or

high thermal insulation of air reported in International
Critical Tables is an extrapolation to zero temperature
gradient not applicable to problems involving substantial
gradients, as in clothing (79).
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TABLE 12

VARIATION OF INSULATION WITH THICKNESS
Slope of Regression Lines, Insulation/Thickness
Most data fall within +10 to +20%

Material Method Clo/cm References
Blankets to = an foed 325 (363)
Fabrics to moving air 1.60 Etr)
Fabrics between plates .94 (148)
Fibers between plates
(density 0.5 te ©.3) 0.7 e 1.0 (384)

Fabrics between plates

single layer 1.32 (295)

multiple layers 15
Fabrics between plates leas (289)
Foams between plates 1 ai5le (289)

highest 2.04
Fabrics between plates T (o) (434)
Fabrics e, | GeiiE 1.27 (434)

Comparison: Air

Air (Practical maximum, in
narrow horizontal spaces) 1.85 (81)

e spaces friom €.05 5 ©.2" 1 .87 (289)

Air, immobilized by diato-
faceous earth,; 5 lbe/ft3,

0.08 g/cm3 &7 (289)
Air (Rees) 2.56 (327)
fiiy 1098 (Tgbternat. Crdtleal Tabl)£.E8 (302)
3596 2.60
60°c 2.40
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d. Passage of Air Through Fabrics

Not only does wind erode the external air film, it
can come up our sleeves, down between the lapels of our coats,
and indeed, apparently blow right through our clothing.

Papt off this: "right ‘through" feeling cdil be a feeling of ‘eold
rather than of wind itself, that is, can be the increased
heat flow caused by erosion of the external film, and part
can be caused by compression of the clothing fabrics them-
selves and the spaces between layers by the pressure of the
wind. How much is direct penetration and flow through the
clothing has not been determined on real clothing, although
Fonseca, Breckenridge, and Woodcock (136) have demonstrated
theyeffects” ofrwithin~cleothing flow .in model systems' and
Fonseca and Woodcock (138) have measured effects of loose

or tight fit of head covers and face masks on models.
Breckenridge and Woodcock have compared several arctic
assemblies on heated manikins under severe outdoor con-
ditions (66) and have measured the change of thermal insu-
lation at various wind levels, but did not have the material
to separate effects of fabric type from clothing design.
ILarose (264) has made a study of air permeability of outer
shell, wind speed, and thermal insulation: some of his re-
sults are shown in Figure 1. These indicate that for

single layer outer shells, low air permeabilities, below

4O ft/min, and better, below 15 ft/min, are desirable.
Fonseca, Breckenridge, and Woodcock have indicated that two
layers of material of higher air permeability can be as ef-
fective as one of low, and that fuzzy, hairy fabric is better
for redueing within cleothing circulation than smooth fabrie.
Leach (265) has stated, without presenting data, that the
actual air flow inside clothing is surprisingly small. The
problem of defining thermal insulation of permeable systems
with separate layers in relation to wind has not had as

much study as it needs.

The actual effect of external wind in penetrating
through fabrics may be smaller than is usually believed.
The stagnation pressure of the wind, that is the pressure
which prevents flow into a tube pointed directly into the
wind (such as a Pitot tube) is proportional to the square
of the wind velocity. A wind of 32 mph (14 m/sec),however,
is required to produce a pressure equal to a 0.5-inch
water column (1.27 cm), the usual cross fabric pressure for
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Figure 1. Effect of Wind on Insulation_of Pile Fabric and
Cover. Permeability of the Cover in £t3/£t° min. &b v0e5 s
water is given at ends of lines. From Larose (264).
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measunine - air permealility. ~ Figupe "2 shiews \that, atlvele-
cities corresponding to body movement, i.e., below 5-mph
(8 km/hr) (220 cm/sec) the cross fabric pressures are
quite low, although the erosion of the external air film
is relatively large. This indicates why ordinary drafts
and light breezes can have such a large cooling effect,
by eroding the external layer, without real penetration.
At higher speeds, penetration and compression are more
important.

3=+ TAutenzimiel Interactieons of Clething with the Body

At least five automatic interactions of clothing with
the motion of the body can be listed. The first three,
and usually the fourth, tend to increase cooling under the
conditions of increased heat production which make more
cooling desirable.

(1) Decrease of air film thickness outside the
clothing.

(2) Increase of air flow inside or into clothing
with body motion.

(3) Wetting out of clothing by sweat.

(4) Transient contact effects: warm or cool
sensation.

(5) Inertia effects with respect to evaporation
from the skin.

All of these automatic interactions can be augmented or
reduced by choice of clothing materials or design.

a. Decrease of the External Air Film with Motion

Decrease of the external air film with motion is
familiar to anyone who has been sweating while sitting still,
but can feel a cooling breeze as he walks slowly. Whether
this type of cooling by motion results in a net gain in
heat removal is open to question, in view of the low mechani-
cal efficiency of the body. A minimal motion, such as rock-
ing in a rocking chair, or an amplified motion, as with a
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pailmy leadiicminey iphoduce -ayeal sgaify. « Incxeased emennal
wind does not prevent one from becoming warmer by running

or by most work, but it helps. Table 13 illustrates estimates
of ‘the effectof walking.at dlfferent levels of iy mevement,
indicating that the effect is more noticeable in still in-
door air than outdoors; or one reason why it is '"cooler"
outdoors than in the house.

TABLE 13

EFFECT OF ACTIVITY ON INSUIATION OF
AMBIENT AIR, IN CLO UNITS
From Gagge, Burton, & Bazett (1941) (163)

Resting, Level walk
Air Movement Sitting Slow Normal Fast
Normal indoors (20 ft/
min) e .37 .33 .29
Normal outdoors (5 mph .30 224 22 .20
Windy outdoors (20 mphg .19 .18 SN LI

b. Increase of Air Flow Inside or Into the Clothing :

Increase of air flow inside or into the clothing is
also involved. Not only the effect of wind or motion upon
the external air film but also the air currents generated
by relative motion between the body and the clothing need
to be considered. All who have gotten up on cold nights
know that it makes a bathrobe much warmer to tie the belt
snugly, even though not all thé flapping is eliminated.
However, very little is really known regarding the inter-
actions of clothing design, body motion, and internal ven-
tilation. Studies (292) have indicated disappointing or
mihes ' d i ferences. aftsing from dnsertibn of vermts -l ah
coats; the fault here probably is that the overall garment
design is not sufficiently loose to permit air circulation
within the clothing. Loose ponchos were less thermal burden
than any raincoat. Use of smooth, non-hairy fabrics or
thin fabrics which the wind can penetrate, or clothing de-
sign which will open with activity, such as a loose vest,
open. iml Frept; 'or '@ loese capes or Epplication of the
design principle of the grass skirt would enable more ex-
tensive use of this means of increasing cooling. The kilt
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s an example. AL one Bime, Slashed Slieeyaes Br &iblde
sleeves were the height of fashion for men as well as
women (430).

£ Sovdy ‘b’ Belding. et .al il Dutssanding -fer pre-
senting the possibilities of insulation variation by gar-
ment design (33). In this, a 50% reduction in the insula-
Tien of .dn artebie uniferm wes. ebtained om marching mem ;" in
cemparison with men stendipng still or sittimg. This re-
duction in insulation with motion was obtained in a
reliatively lodse Tiftimg arctie uwniferm In wiwieh there 'was
more opportunity for ailr movement than in close-fitting
clothing. The reduction in insulation was meazured
physiologically, and thus could be either a decrease in
thermsl insulation or an increase in evaporation from the
skin. While there was evaporation, the main chiannel of
heat loss was by the thermal gradient. The authors at-
tempted to eliminate penetration by external air and
esegpe O Weler vapor by certrel teSihs with dn fmpermeable
outer garment; (this would not eliminate evaporation from
the skin and condensation in the cold outer layers). The
two-fold increase of heat flow was still obz=rved with
impermeable outer layers in tests on men, and also in
tests with a mechanical model with no involvement of
evaporation. This study by Belding and his assoclates
is a pioneering one which suggests that heat transfer
within clothing can be greatly modified by internal air
flow which in turn can be facilitated or limited by cloth-
ing design. The study of the interaction of clothing with
body motion is one which above all others requires tests
on hwman shbjects.  The areas 6 mMilitafy velie are EWes
one fowm Batter (dissipatidh of Bhe hest Oi\work 4dr, Resavy
arctic clothing; the other, for better cooling in hot
environments while wearing protective clothing such asz
is reguired Lor fuel hindling, and &s prebecbien agaimst
chemical, bivlogical, or nuclear atiack, or even against
SRADERSE: saniia

Yaglou and Rao (456) compared loose with close=-
fitting clothing in warm environments with a high work
load. The looce arrangement was cotton pajamas; the close-
fitting, & wailt uwnien. suit. They alse compared the Apmy
poplin two-piece uniform, open at neck, sleeves, and
trouser 'bettamns; or cloged up and tucked Intd' combat beots.
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Table 14 shows the sweat secreted and evaporated in two
hours. Both indicators, and especially the sweat secreted,
indicate increased burden with closer fit or less ventila-
tion.

TABLE 14
EFFECT OF LOOSENESS OR OF OPENINGS
(from Yaglou and Rao) (456)

Sweating in Two Hours

Pop L iT; Roplin;

Garment None Loose Close open closed
Weight, g 0 520 480 950 950
Sweat, g 521 610 69U 756 98l
TpTOTATOR s sug sus s 610

¢. Wetting Out of Garments by Sweat

Wetting out of garments by sweat takes place with
eterclse or under-hot -eehditdieons when Turther eeeling is
needed. This has a great advantage feor increase of cool-
ing: the evaporating surface is brought near=r to the
clothing surface, so that there is less resistance to eva-
poration from films, interfabric air layers or fabdric
layers (150, 345). Tests with singlie-lajer garments have
shown that the evaporative cooling rate can be more than
doubled by wetting the garment. Even if the fabric is waten
repellent, a film of water is rubbed onto the inner surface
from the sweating skin, and thus the site of evaporation
is ‘brought -eloeser to.the extérnal surface. remowvihg 'the
resistance of the space between skin and clothiang. Of
course, cooling by evaporation at a distance from the skin
is not as effective for body cooling as would be evapora-
tion on the skin itself. However, sufficient additional
cooling can take place at the outer surface to overcome
this inefficiency, while the evaporative cooling at the
skin itself may be limited, if the clothing is dry and if
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there is a space, to levels which are insufficient (150).
Clothing wet with sweat has some disadvantages in clinging
appearance and may have the more functional disadvantages
ol  elinging to the iskin and placing greaiber burden en-motiohs
Use of knit fabric, or choice between different woven
fabFices to wedics <llbinsingcai reduce Thefdrag By
Most men working or exercising in the heat rightly welcome
thie «gweater eosildins Farinet a3 the TlLOEhIWE TS Wwe't ut.

d. Transient Contact Effects

Transient contact effects are familiar in the
relgtiveily eools Leeltef shMeabh, \fism, solild Sakptiess On
the warm feel of hairy, less dense fabrics. There are
two aspects of these contact sensations, the purely thermal
and the combined effects of heat and moisture. The purely
thermal effect arises from the greater thermal conductivity -
of fibers than of air, and the greater heat capacity and
density.

There are not large differences of thermal conduc-
tivity for any of the fibers, which are rather similar or-
ganic compounds. We know from general experience that most
fabrics feel "warmer" than oak (or other dense wood) and
very definitely warmer than any of the metals. Besides the
twe fircEinisie propertvics off The mattrisal, =Specidsie oot and
thermal conductivity, a structural factor, specific contact
area, is involved. When we touch smooth wood or metal sur-
faces, there is a maximum degree of contact between the skin
and the heat-absorbing surface. When we touch a fibrous
surfapge,; such as a fabrie, sonly a fpagetion - -of the gross
contact area is in contact with fibers; on a minute scale
much of the area of skin is still exposed to air. The
wicker chaiw dis) & largessddlie version-pf the ssiEuation.

This specific contact effect is one to which we are quite
sensitive; a simple procedure such as singeing of the super-
ficial fibers from a cotton fabric by passing it over a gas
flame produces a surface which has a noticeably cooler feel.
The o6l ‘feel of "1linén, oFf a. filament' wayeon, in/comparisen
with the warmer feel of cotton, or of spun rayon, is well
known. Ironing a cotton fabric produces a definitely cooler
feel by compacting the surface structure and by increasing
contact between fibers in the fabric.
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Another factor which can be involved in warm or
ewoliietd dis  the Hypgreseopicd anc, = If shed/LLBERs fobseorh
moisture they will be.:ome warmer, releasing the sum of
heat of condensation of the water and heat of chemisorp-
tion. In the usual conditions for observing warm or cool
fiepd s Wilbhy the Fabra ¢ Jn. ‘aacopl eV ERonment , « the s Telliabive
hniridhistywef *Glie air whithin the fabrie S waised . To Skimn
temperature will he below that of the air layer close to
the skin. Under such conditions, the fiber can adsordb
moisture on contact by even "dry" skin, and will release
corresponding heat. The release of moisture from "dry"
skin can be noticed on handling gummed paper, such as
postage stamps.

Whhle hygrostopie effedfs afe a posESible tomponént
ofwtheSYwarm or eoeol feel, and—&a possible soluree ol ' Seme. ol
the Jdiislerence betyeen Libersy the siruetural Tactors- ol
hairiness (specific contact) and density (extent of fiber
contacts per unit volume) are probably more significant
in most situations. An experimental test would be ob-
tained by raising the fabrics to skin temperature, but
at a lower relative humidity; any sensation of warmth
on contact would then have to arise from adsorption. Such
experiments could probably be carried out with "greater than'
or "less than" reports of subjective warm or cool feel, or
even scaled in intensity or matched to another kind of sen-
sation range (395).

The hygroscopic problem is of considerable interest
because of the traditional special warmth of wool, a fiber
with unusually high adsorbed water content, especially in
comparison with polyamide (nylon) or polyacrylic or poly-
ester fibers which are quite low in adsorbed water content.
However, the relative importance of hygroscopic effects
and® steucibure efissts, cdn De gadged by Fecallings Tliast (@rlick
(polyacrylic) sweater~ are also warm to the touch, and
have much of the bulky low contact character of wool, while
rayon, which has high moisture adsorption comparable to
Hhati 'O weel, deds not, make bulkys Low centact fabries, amd
does not make "warm" sweaters by the usual processes. The
question of methods of measurement of surface character of
fabrics and the results obtained are discussed in Chapter 6.
The warm or cool feel persists to some extent while the
fabric is being worn as clothing, so that repeated inter-
mittent contacts of the fabric with the skin have an effect
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on thermal sensation and on thermal flow, an effect which
is automatic or intrinsic once the choice of fabric has
been made. -

L. Conscious Control of Interactions of Clothing with
Physiological Heat Regulation

In contrast with the automatic interactions of a given
set of clothing with the body, the large adjustments, of
course, are consciously and purposefully made. We button
up or open our jackets, choose light clothing for summer,
or heavier for winter, put on sweaters or overcoats.
Clothing for either civilian or soldier should be adjust-
able during the day, or during activity, €o that one’ can
take what he needs with him. The soldier in the field
has more need to keep his whole clothing outfit with him, |
and has more dependence, therefore, on water-repellent and
other protective finishes for multi-purpose clothing. He
also has more dependence or adjustment by closures or
means of carrying without wearing.

5. Control of Clothing Using Auxiliary Power

This discussion is restricted to clothing in the or-
dinaly semse im whieh. the thermal, halange of the Body 16
maintained by dissipating heat to the environment, or by
evaporation. However, there are increasing numbers of in- y
dustrial and military situations which use auxiliary power
Tor elther heating ar coolimg ingide eleothings AvEEabEdoni;
space flight, and the Thermalibrium Suit (381, 29254y 393
are examples. These developments must be considered out-
§id€ the Yange of Ghis @iscussign Of BOMLSrt Ainf e loEWing,
which centers oa heat and moisture passage through fabrics
and the influence of fabric properties on perception of
camrfors or ga coiditiens of ubllEty.

6. General Functional Description of Clothing

The clothing provided as protection against the natural
environment, and for that matter, clothing provided for
protection against occupational or military hazards, has
its strucsure antl features speciailized for the different
areas of the body. Many different alternative designs
and materials are available for each area and for most
environments. It is no wonder that physiologists have
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preferred to study the heat regulation of the body without
clothing. 1Indeed this is a necessary first step. However,
for many environments clothing is a necessity, so that the
physiology of the unclothed man is Jjust a start on the pro-
blem. The fact,that a meaningful quantitative description
oi eleothing Lwem the  polnts Bff vilew - el ‘et wepulatitonthas
been difficult, has retarded generalization in the bio-
phys hes o phySae Loy e € 1othilng .~ Heowevenyy thi-s-lhas, been
the long-term goal of physiologists and physicists con-
cerned with the study of real clothing (72, 446). This
goal can be approximated if we substitute a functional
dasciip pibns of wleithing.in. Germs |of EtEsresisitante. toyTilow.
@i ieergyE deor ({Ehe 'usugld reitrictural -deserng bl ont o el thsng
in terms of garment items, design, and textile materials.
Thespreblem . of desiemilihn e seilgthiing in terms  ai ‘enensy @ 1o
goes beyond mere passage of sensible heat along a tempera-
turefenadient - alihoush this' is the' langest Taebor in ceild
envirenments,. Lt 1S Mealidy a problem ilvelving ‘all jthe
modes . -ef “energy exchange betweern the bedy and the environ-
ment, particularly those determined by vapor pressure
gradients as well as those .determined by temperature
gradients. In special cases the radiation exchange must
also be considered. Several means of describing functions
of clothing are taken up below.

a. Thermal Resistance: The Clo Unit

The expression of thermal resistance to heat flow
along a temperature %radient has been put in readily recog-
nizable "human scale" units by use of the Clo unit (163)
which is roughly equivalent to the insulation given by a
business suit (and associated shirt and underwear), or by
an overcoat, that is, by a unit of clothing or a unit of
increase of clothing. The minimum perceptible increase
af e lothing warmkh. or' Ensulatien is much jsmaliler, or the
order of 0.0l Clo or less (149). The Clo has been
discussed as a physical unit of thermal resistance in
Chapter 1. Here we are concerned with its use in heat
balance.

Along with defining the Clo, Gagge, Burton &
Bazett proposed another practical unit, the Met, for
metabolism, approximately the resting rate of energy pro-
duction. Ideally, if there were only thermal loss, a
simple Ohm's law relation would hold:
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(fiquation 2-1) Met =Ko T

Cln

Wartin &) | @enstant of Troperaiahalithy iy dopendent; wim e tems
perature scale, Cc.it' grade or Fahrenheit. Here AT is dif-
ference of temperature from environment. This is the basic
form, but in actual use greater complexity is required, for
LS equatieon auplies enly to thenmal exghan@e . | 'Hentes the
energy must be divided between thermal gradient loss and
evaporation and, since the equation deals with the total
thermal resistance, the insulation must be divided between
that of clothing and inner air layers, and that of the ex-
ternal alr layer. Bacause of the need to-divide thel energy
flow, we will meaeure it Het in Met.units, but in smaller
units, kg cal/m2 hr. The heat flow equation then is

(Equation 2-2) Hp = M-E = 51.15 AT
T

where Hy is the thermal loss, in kg cal/m2 hr
M is the whole metaboiism,in kg cal/m2 hr
E is the evaporative heat loss, in kg ca\.l/m'2 hr
AT is the temperature difference, in ©C

Rt is the thermal resistance, in Clo

In equation 2-2, radiation is not considered separately, and
change of body temperature 1s ignored or considered to be
zero, that i1s, the body is in a steady state of heat flow.

This equation, with extension for the case of gain
or loss of heat storage in the body, and for energy exchange
by other routes, provides the means for physiological measure-
ment of clothing insulation. The experimental procedures
are taken up in Chapter 5.

b. Resistance to Evaporation

The evaporation from the respiratory system, Ep,
should be separated from the evaporation from the skin,
Eg,because only the latter is governed by a resistance which
varies with the clothing and external air film. Since res-

58




piration increases with activity, the respiratory evapora-
tion can be taken to a first approximation as a constant
fraction (10%) of the total metabolism (192). It could,
of course, be directly measured, but the approximation is
usually sufficient. In fact, few, if any, physiological
tests have ever expressed the results on evaporation as
resistance. The usual comparisons have been by rank order
in terms of amount of sweat produced or evaporated.

However, resistance of clothing and of air layers
can be measured by physical measurements (Chapter 6) and
in principle, on sweating (moist surface) manikins or on
meny JHemee, it dis mseful bt 'develep thHerequatitons thor
evaporative energy loss in form similar to these for ther-
mali “heatloss..

The unit for physical measurement of evaporative
resistance is the equivalent distance (cm) in still air.
Hence, basically the evaporative loss through the clothing
is
(Equation 2-3) Hg = K; AP

Ry
where Hg is the evagorative heat loss through the clothing,
kg cal/me pr

Kg is a constant of proportionality (dependent, how-
ever, to a small degree, on temperature)

AP 1is vapor pressure difference between saturation at
skin temperature, and the general environment,
Torr

Rg is the evaporative resistance in cm of air

A more detailed form, taking account of respiratory evapora-
GAONLY TS

(Equation 2-4) Hg = E-0.1M = Kp4

The value of Kp depends on the diffusion constant of water
vapor in air, and on the total heat of evaporation and ex-
pansion, each of which is temperature dependent.
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However, a considerable degree of approximation is
appropriate here, in dealing with clothing problems, so we
can follow Burton (76) in using a rounded value of 5 kg
cal/m= hr per Torr. This is especially appropriate for cool
environments, or for evaporation inside heavy winter cloth-
ing; in warm environments (above 25°C) and with light cloth-
ing, K = 5.3 would be a better approximation.

Hemee, wer can, write,; neglEeting 1I'o8s thidtgh. the Aungs
and from the face '

(Equation 2-5) H=55AT + 5.0AP
R Rg

Woodcock (4U45) has suggested that the equation be
written in the form

(Equation 2-6) H=1 (5.5AT + RT 54P)
Rp R,

On the basis that there is a nearly constant ratio between
Rp and Rp for air, he assumes that there is also a nearly
cionstant ratie feor mimtwures of air amd riben, eltheugh Ghis
ratio will be different from that for air. Thus, for air:

(HomsEAoh: @7} L0 (b S = 290 /mn  He, of wwater vapsr
RE (air) pressure

where S is a constant whose numerical value depends upon the
units. One may note that the thickness of the air layer has
canegelled out.  For ait miked with, Liber, tlhe watie el ‘the
resistances will have different values, so that the ratio

of ratios, ip, can be defined:

(Equation 2-8) RT (clothing)
RE (clothing)
R {air)

RE (air)

=j_m

This quantity, iy, known as the permeability index,
is a dimensionless number characteristic of any particular
clothing system or system of air film layers. Woodcock as-
sumed that this would be relatively constant for clothing
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duringsthe; period of‘a. test, or during use, so .-thatsboth
the thermal and evaporative resistance of clothing could
be encompassed in one equation:

(Equation 2-9) He = _l_(5.5 AT + ip S 0Py
Clo

Equation 2-5 and 2-9 are theoretically identical; the dif-
ferences, ITE lany, fliel in the means of determining B ofu2-5
and iy of 2-9. Experimental methods for determining Rg

are presented in Chapter 6

The faetor i, ean be experimentally determined on
a clothing assembly by exposing it over a saturated but
non-wetting surface. Such a surface can be had by placing
thin, plain transparent cellophane over a wet wick, with
arrangements to keep the wick wet throughout the test. The
wick should be well-insulated on the side away from the
clothing, so that all heat for evaporation of water from
the saturated surface must come through the clothing. The
saturated surface then acts as an imperfectly exposed wet
bulb thermometer and falls in temperature as evaporation
takes place, until the passage of vapor out through the
clothing just balances the inward flow of heat through
the clothing. Then,

(Equation 2-10) i, = i,
A DS

Since both the resistance to heat inflow, and the
resistance \to vapor outfliow involve the extermel air
layers, there will be an iy for layers of air alone. This
will change with wind, as reported by Woodcock, because the
transfer of heat by radiation is not affected by wind.

TABLE 15

PERMEABILITY INDEX OF A BARE CYLINDER
(Woodcock 1962) (445)

Wind Speed, ft/min 50 70 100
cm/sec 25 35 51
Permeability index, ip 0.63 0.68 olorde
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The test system is essentially an imperfectly ventilated

wet bulb thermometer, exposed to radiation, and the transfer
of heat by radiation from the environment increases as the
"wet bulb" falls to lower temperature. A ventilation above
300 ecm/sec is required for good wet bulb measurements, with
iy approaching unity.

The great merit of Woodcook'!'s development is that
it supplies the previously "missing' parameter for de-
scribing the transfer of moisture and associated latent
heégit ;" dnd permits caleulation of “the' effect, of Clofhing
on heat balance for hot or temperate conditions as well as
cold. The ip form has the advantage of being a dimensionless
ratio, independent of the units of measurement or  their
system, and thus is a property of the clothing system it-
self, at ordinary atmospheric pressures and compositions.

7. Time Course of Visible Water Accumulation

In the hot environment one of the automatic adjust-
ment functions of clothing is progressive wetting out of
the Tabrie, as' sireating goes on. The resistanceVter Evaporas
tion, RE, decreases with time, and correspondingly ipm can be
expected to change with time or with fractional area which
is wet. After a certain period a steady state may be ob-
tained, as we see from the definite wet shirt pattern on
working men. . There will ‘glse be changes in Ghe drysthexmak
insulation, Rp,as water accumulates. To a first approxima-
tion, the same function can be used to modify both routes
of energy loss. The fraction of the total area which is
wet can be observed and represented by W. By plotting W
g galnst Eime, a rieiltg CUEve, eventiuailly leveling offf; wkll
be obtained. If the curve approximates a straight 1line,
between the original dry and final steady wetted states,
then a time, ty, to reach maximum wetted area can be used
to characterize combinations of clothing, environmental
conditions, and work rate. If the approach to steady state
is exponential, a "half time" may be more useful. This
discussion applies only to visible wetting out of the
.clothing with liquid water from sweat. It is not likely
that the same situation holds for the increase of adsorbed
warters Ib tls @2lsh: vhilsidsely that the same kind e bGime-or
wetness functions apply for heavy arctic clothing, and if
this is indeed different, there must be transition situa-
tions for clothing of intermediate weight and thickness.
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In‘heavy arciLic assemnblies ;, the. total' enerEy, tEans—
fer through the clothing has one value for dry conditions,
and a different, larger value for sweating conditions
(154, 446). This larger value continues unchanged for
lengthy periods, while water is accumulating in the cloth-
ing. In such systems the time function may be relatively
unimportant, and the whole story may be contained in ip.
It is not settled, though, whether or not Rp and ip may
cachyeseliangtny constambily bob ik shel & way ras U permniRe
a constant H during sweating and moisture accumulation.

8. Effect of Body Motion

Another factor in the description of clothing in terms
of heat balance is the effect of body movement on the
movement of air within the clothing and the erosion of the
air film layer outside the clothing. A proper expression
for this factor requires further development. As a first
approximation, it could be a function of metabolism, apply-
ing to both thermal and evaporative resistance. While
metabolism can be increased without change of rate of
motion, by change of posture as from lying down to sitting
to standing, a rough eguivalence of change of posture to
motion may be found in the change with relation to the
external air and to chimney effects. In the present state
of knowledge, tests of the effect of body motion on cloth-
ing need to be made with human subjects: mechanical models
may illustrate the possibilities but our information is
still too limited to permit specification of an adequate
model. Modes of tests with human subjects can be
specified at the present stage of development (Chapter 5).

Belding (33) has carried out experiments in the cold,
in which apparent Clo values were determined at various
rabes of mokign ot areticselothing. The plet of e
against metabolism (Figure 3) is probably not linear, but
may be approximated by a linear portion between 2.8 Clo at
50 kg cal/m2 hr and 1.3 Clo at 200 kg cal/m2 hr. The
corresponding plot against speed of progression (Figure 10)
isr not Lineax. (Bach levels off 4t higlier metakelism or
speed. It may be peossible teo speeify for elothing a. rarge
of decrease in resistance (here to 50%) and a range of
metabolism or motion (here to 200 kg cal/m2 hr or to 4 mph)
Here the decrease rate is close to 0.5 Clo per 50 kg cal/
m2 hr (0.5 Clo per Met) but further tests with other
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material are needed to relate such rates of change to de-
sign or such properties of the material as air permeability
O eSS GAr:

9. Effect of Wind

The effect of wind velocity can be considered as a co-
efficient Ky in an equation of the simplified form

(EQuation 2-11) H = Hy Ky

where Hp is the heat transfer at very low wind.

A functional relation between wind velocity, fabric thick-
Hesion i Fahte Seompiess T Suide P 5he IAT1Thenes Of vEmD
pressure, and fabric penetration by wind, whether straight
through or by ruffling pile or disturbing a ribbon assembly,
or by coming up sleeves, is difficult to specify in general,
but could be established empirically for ranges of wind and
types of clothing. Chemical engineering studies on heat
transfer from cylinders as a function of stream velocity
give a base line, but do not cover the question of fabric
penetration and garment (e.g. up sleeves) penetration.

This is an area for further systematic experiments.

10. Effects of Conscious Adjustment

The range of conscious adjustment of a given outfit of
clothing also requires measurement and quantitative ex-
pression. In any given test replicated on several men, the
clothing would have to be worn in the same way each time.
(For example, buttoned up or open front, collar open or
closed, sleeves down or rolled up, cuffs closed or open.)
Nevertheless, an important practical feature of clothing is
the range of work and of environment in which it can be
used by conscious adjustment of its arrangement. This con-
scious adjustment range can be expressed as a set of terms
Kaiq, Kag..:Ka,, ‘one for each censcious change frem the
basic condition in which the combined energy flow is Hpg,
so that:

(Equation 2-12) Kaj = (Hap - Hp)/Hp

(Equation 2-13) H combined = Hg(l + Kaj + Kaos....)
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11. Radiation Relations

By becoming the surface exposed to the environment, in-
stead of the skin, the clothing alters the radiation rela-
tions of the body. PFor cool environments, clothing acts to
reduce the loss by radiation; for hot environments, to de-
crease the gain., It is important to keep in mind that
radiation effects are all at exposed surfaces, where energy
which within the surface was in the form of molecular motion
is emitted at the surface as radiant energy, or where ra-
diant energy from the environment is absorbed and becomes
molecular motion.

In acting as a shield for radiation the clothing has
no specific interaction with the body; everything depends
en the reflection and radsorption at the surface and the
insulation between the surface and the skin. With regard
to the emission of thermal radiation from the body. there
is a small degree of interaction, for as skin temperature
rises or as motion reduces the insulation of the clothing,
the surface temperature of the clothing also rises, in-
creasing heat loss at the surface by both convection and
radiation.

The means to express the radiation effects of environ-
ments in terms of operative temperature, and to calculate
the radiation exchange of two surfaces are presented in
Ghapter 4., and in Chapter 6; Section 9.

The radiation characteristics of clothing are import-
ant in relatiomn bo-ewnlight, ©r fte madiant healb as inEire
fighting, or to the thermal pulses of nuclear weapons.

All of the factors involved in the solar heat problem, in-
cluding sun position, terrain, posture of the man and
amount of clothing have been analyzed and interrelated,
with estimates of limits and typical values, by Roller
and Goldman (350).

For the more intense radiant loads, the infrared and
ultraviolet characteristics are also involved, but only
tell part of the story because questions of flammability
and decomposition under the heat load, and of whether
enough total protection is available arg,important.
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12. Summary: Functional Description of Clothing and Its
Adjustments

For simplicity, each of the variables of clothing has
been discussed separately. The general description of cloth-
ing in terms of body heat regulation involves six sets of
parameters:

For thermal insulation: Rp or Clo, units of thermal
resistance

For resistance to evaporation: Rg or in, evaporative
resistance or permeability index

FoT wettihg out of light clothing: , W, fractipnal
wetted area, and the time required to reach the
maximum, or complete wetness, at specified
activity (other functions may be needed for
heavy clothing)

Roi™ theeftectef MeTnchy, Themaire ok WethEESE O ~1hn-
sulation with increase of metabolism, and the
range of metabolism required to reach the maximum
decrease

Pow. The efilfeet of wifnd, Ky, ecelllicitent ol Winhd jre-
locity effect

For the effect of conscious change of arrangement:
Kaj...Ka, for each of the several possible
arrangements, each being the ratio of change to
base level.

For the effect of radiation barriers: The reflectivity
(for intense heat or solar radiation) or the emis-
sivity for body heat.

Most physiological studies of clothing have used some
one or a few measurements, such as skin temperature (cooling)
or sweat production or evaporation,to compare clothing,
rather than expressing the differences as numerical coef-
ficients of properties of the clothing. It should be possible,
however, to determine not only the thermal and evaporative
resistance of clothing, but also several other functional
characterisitcs by which the clothing can be described, and
the way shown to improve clothing design.
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CHAPTER 3

CLOTHING CONSIDERED AS A
STRUCTURED ASSEMBLAGE OF MATERIALS

1. Varied Clothing for Different Areas

Whe'e 35 redildy; meant by welothing as & eovering over
the body needs to be considered. No clothing is usually
worn on the face; rather different types of clothing
items are worn on head, neck, hands, or feet than on the
torso; clothing often is rather similar on torso, arms,
and legs, but the dimensions of these "cylinders" are
different. Development on clothing has tended to group
one set of efforts on the torso, arms, and legs, and
several special sets of effort on the head, the face, the’
hands, and the feet. Unless qualified with reference to
one of the special areas, interest is centered on the
torso, arms, and legs. This is about 80% of the body area
(350). Hall has defidhed ‘The elothamg Tor this arda.as
"body clothing" in his measurements with a thermal manikin

(185, 186).

2. Comparative Clothing - Design Possibilities

Other peoples in other times have clothed the body
differently than we do. An excellent discussion of native
dress in stressful climates has been prepared by Wulsin
(454), and studies of clothing styles through history and
around the world are available (59, 111, 130, 187, 429).
The following outline intends only to indicate some of the
major alternatives suggested by comparative study of
costume.

The head is often protected against either cold or
heat. This can be accomplished by a separate unit, a hat
or cap or turban or by a hood connected with the shoulder.
A draped garment for head and torso ¢an be suspended from
the head in much the same way that a poncho or cape is
suspended from the shoulders.

If the torso were protected by a draped cylinder or
shell suspended from' the head, and not in close eomntaet
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with the neck, there would be wonderful opportunities for
controllable ventilation by chimney effect, even without
body motion, and for increase of ventilation within the clo-
thing, when the body is in motion. Every point of close con-
tact of clothing with the body, whether at the «<ollar, on
the shoulders, by belt at the waist, or by snug cuffs at
elbows and ankles, reduces the possibility of convection or
chnrmeyy Do, v Of Inbehhel 6l tcariathan-Qt faiim b Jiody
motion, as well as reducing the inflow of external air.
Thus, a beltless coverall permits more internal circulation
than a garment belted at the waist and a skirt permits more
air flow than trousers. Neck protection can come from a
collar turned up from the shoulders (which if looser and
larger would approach the idea of a hood) or by a separate
tippet or muffler. The ears can be protected by flaps

from the headgear or by special ear muffs. A muffler or
scarf or shawl can also be used as a hood for the head and
a cover for the face. A ruff around the opening of & hood
can protect the face against cold wind and extreme cold,

yet not cut off visibility. Masks can be used for the face,
but the problems of fogging and condensation in the cold are
severe. The idea of using a face mask containing a heat
regenerator, to absorb heat from the outgoing breath, and
warm the incoming, has been examined (38%); the available
models did rewarm the breath, but a wool scarf over the
lower face was even more effective. In aviation or space
wear, complete pressurized head covers have been developed.

The arms can be protected by cylindrical extensions of
the same type of material as covers the torso - the usual
sleeves - or by a cape suspended from the shoulders or head.
A poncho or cape needs to be open or openable in the front,
for use of the arms and hands, or else should be short.

The legs can each be protected by a separate cylinder -
the trouser pattern - or by a single cylinder, the skirt
or robe pattern. The single cylinder pattern is often used
in top coats, or overcoats, or raincoats over the double
cylinders.

Avoidance of restriction to motion or awkwardness in
holding the arms is a requirement in clothing design. Too
great a thickness cannot be used in the arm pit, since the
arm at rest is close to the body, and flexibility must be
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allowed at shoulder and elbow, hip joint and knee. Increase
in number of trouser layers has its limits, for with the
prograssive lowering of the crotch the wearer will be hobbled.
Fortanately, the armpits and the crotch are protected areas
and do not need as much insulation as the truly external
areas,

For the speecial protectiocon of the hands, the basic
variations are gloves with live fingers, mittens with only
tiaumb separate, muffs, and the Chinese variation of the muff,
inserting each hand 1n the opposite sleeve. The hands can
also be warmed in pockets, 1f not needed outside; these
pockets may be on the chest.

The clothing provided for the feet is more specialized
because of the severe exposure to abrasive wear and to
shock (stumbling or kicking) and the need for support and
stiffening as well as protection, However, the general
pattern of foot cover varies perhaps less than for other
areas. The chief variations are in whether the ankle and
lower leg are enclosed or not, or whether a sandal with
largely open sides and only an underfoot element 1s worn
insilisad el A Ehed,

For the main body area (torso, arms, and legs) there can
be underwear, a usual outer layer, and what might be called
"overwear," added outer layers such as topcoat or overcoat,
Other intermediate layers, such as vest or sweater may be
adasd: "The 1.S. APmYy has carried the 1&Yer DRikciple to
four layers in Arctic assemblies. On the hands thin anti-
contact gloves can be worn for additional protection and
some protection when thick mittens must be removed, and
additional socks or overshoes are worn when needed on the
feet. Thus, all over the body not only the thickness and
welght of particular layers but also the number of layers
can be varied, and the layers can have different functions.
The outer layers are usually equipped with pcokets, or with
access means to the inner layers.

Although the varietly of detailed clothing structure
used on different wody arcas and the variety of choices
of design are large, all clothing systems show successive
stages of increased protection in whichthe cover over torso,
arms and legs 1s balanced by protection for head, hands, and
feet. Siple (374) gives examples of balanced clothing.

70




capable of maintaining thermal balance for different climatic
regions, from single layer with no cover on hands, face or
head to the four layer maximum clothing zone.

The "Clo unit" was deliberately chosen (163) to represent
one stage of such a series, the usual protection, given by
balanced clothing for a man in a conventional business suit.
The defining example first calculates the thermal loss for
the total resistance, external air film plus clothing; then
substracts the resistance of the external air films,
averaged for the body as a whole.

It is not a great ambiguity, in a practical sense, to
think of Clo values as determined for the main portion of
the body, or for a local area, or by physical means, as be-
tween two plates. The variables of physiological condition,
individual human variation, and above all, the variable of
motivation make it difficult to make physiological estimates
of Clo value. It is possible to be more precise about a
physically determined value of thermal resistance of a fabric
or a fabric and air space of a Clo determination on a thermal
manikin,but the variables of fit and air spa01ng from sub-
Ject to subject rapidly erode this prec151on in terms of
actual clothing on actual people. Thus, in speaking of the
Clo value we may, according to context, be referring to the
average, balanced value of a clothing assembly on an exercis-
ing man, or the local value of the insulation on his chest
of on ‘his foot, or the physical thermal insulation ol 'a
fabrics

3. EBffect of Curvature

One important difference between Clo values determined
on fabrics and those determined on clothing, in addition to
the air spaces between layers, is the effect of curvature.
For a physical determination on a guarded hot plate or be-
tween two surfaces, the warm and the cool surface each have
the same area; however, in clothing the area increases as we
g0 from the skin Fo elothing surnfaece. The RepEc&chtative
area for calculation for a cylindrical cover is the logarith-
mic mean area

(Equation 3-1) Ay = A2 - A3 L uhe- = A9
1n(A2/A1) 2.3 Log (A2/A1)
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where An is the outer area and A] the inner area. The ratio
of radii or diameters can also be used. The ratio changen
mere rapidly Lor small dlameters, @€ bn Tingers or &rmsy Ehad
for large, as on the trunk, but does have the effect in 2ll
alothimg of malcing the effectiVié dmsulation as Clefhing lesa
than that measured for flat surfaces.

/. Relation Between Extremities and (ore

In severe cold, or with inadequate clothing, there is a
peneral fall in skin temperature, which is greater for the
feet and hands than for other areas. The question of how to
combat this fall, to preserve mobility and manual dexterity,
involves important connections between basic physiology and
clothing choice and design. Belding (31) has summarized the
practical solution, indicating that when electrical heat
(or additional insulation) is available in limited amount,
its application over the main body 1s more effective than
only over the hands and féeet. On the physiological side,
these extremities obtain their heat mainly from the circula-
tion, while on the physical-side, the small diameter and
Igrge curvetire eliFects:” Himit the peesihleésphiisiwall ihsmlas
tion, as has been shown by van Dilla, Day and Siple (413).
The whole problem of the hands has been considered in depth
in the proceedings of a special conference (132).

The head also bears a specilal relation to the general
heat balance of the body. Burton and associates (125, 161)
measured the heat loss from the unprotected head, finding
this. to be very large: at 60°F (15°C), one third of the
heat production; at 5°F (-15°C), three quarters. Even a
modest protection Tor the scalp will conserve much of this
heat, The sensatisns of chlll or discomiort are.a poor,guide
to the need for insulation, because the head is kept warm,
rather than allowed to cool as do the arms and legs. The
tip of the nose and chin, the forehead and tops of cheeks,
and, of course, the ears are areas which do cool and require
at least ‘local protection from frost bite. Moreover, the
head as a whole requires protection to balance the insula-
tien of the xEsé of Ehe bedy mnd fe pexmit. dohger tolerange
times in the cold. Conversely, exposure of the head can

help dissipate excess energy production in hard work in the
cold.
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CHAPTER 4
HEAT AND MOISTURE RETATIONS IN CLOTHING

1. Approaches for Studying Heat and Moisture Exchange
amClosHingE=ESystens

a. Introduction

The concept that the body is in constant energy
exchange with the environment and that clothing acts to
moderate this exchange has been discussed fully in Chapter
1. Workers who have studied the role of clothing in moder-
ating this exchange have generally agreed that heat transfer
by conduction and radiation is almost always accompanied by
one or more moisture transfer processes and that the total
energy of exchange is made up of heat and moisture com-
ponents operating simultaneously. Indeed if like Winslow
and Gagge (U437) the body is treated as having a basic
metabolism M, performing useful work W, under evaporative
heat loss E, radiation loss R, and conductive heat losses
S, the energy balance with the environment becomes

(Equation 4-1) Energy Balance =M - W - E+ R+ S

It is because the terms E, R, and S act through a
common temperature gradient that heat and moisture losses
are always coupled together. Three approaches have been
used to study the role of clothing in this energy exchange.

b. Physical Sweating Models

A large number of attempts have been made to simu-
late the key aspects of body heat exchange functions and so
make measurements on clothing fabrics under presumably
realistic but well-controlled energy exchange conditions.
The models have had a capacity for heat production and sweat-
ing and an early example of such a model is the Krieger
Cylinder used by Rubner (353). From studies on cotton,
linen, wool, and silk clothing fabrics he concluded that
liquid water in the fabrics did increase the energy loss
whereas the effects of change in relative humidity of the
environment were much less important. Very sophisticated
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models simulating the torso and limbs of men have also been

used. Day (112) describes one of these employed at the E
Climatic Research Laboratory, Lawrence, Massachusetts during

World War II. In this case the bellows action of clothing

on a simulated arm was examined. Models have been useful in

defining and measuring a variety of factors affecting com-

bined heat and moisture transfer through clothing and these

are discussed in Section 3 of this chapter.

e Clothime Tests in CAImEti@ €hambeTrs

A very practical approach to understanding heat and
moisture transfer processes has been to expose men to well-
defined environmental stresses in climatic chambers and note
the physiological, clothing parameter and subjective changes
brought about by these exposures. A good example ef this .
approach is the work of Belding et al (34) in the Harvard
Fatigue ILaboratory under contract to the U.S. Army Quarter-
master Corps. The approach was straightforward. Soldiers
in different arctic uniforms were exercised in the cold.
Total sweat loss and water gain by the uniform were measured
and this formed a practical basis for comparing the effec-
tiveness of different uniforms. Controlled climatic chamber g
testing of clothing or subjects has no real substitute in
assessing real clothing differences. Unfortunately, the
energy transfer processes are sufficiently complicated in
these realistic tests that no completely satisfactory over-
all view of heat and moisture has resulted. However, as
discussed in Section 4, many insights into clothing
funetion and design'have resulbted from real' tests* on men.

d. Physical Tests on Materials

A third approach used by many workers has been the
measurement of energy loss through moist fabrics as a means
of assessing the potential value of different clothing items.
An excellent example of this approach is the careful work of
Rees (328) using a hot plate thermal transmission apparatus
(cf Chapter 6). His work detected the "cool feel" of moist,
smooth fabrics which later proved quite important in assess-
ing the comfort of clothing fabrics in a heat and moisture
transmission condition. However, as discussed more fully"
in Chapter 6, the fact that very precise physical differences
in clothing fabrics can be measured does not insure that
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these, therefore, will be sensed by wearers in actuval cloth-
ing uvse. DNevertheless, many physical measurements have been
useful in defining clothing differences and this aspect of
combined heat and moisture transfer is discussed more fully
in Section 5 of this chapter.

2. Heat and Moisture Factors in Clothing as Woxrm

a. Ordinary Cemiort

The concept that there exists a range of environmen-
tal conditions for which the clothed body is essentialliy in
an eguilibrium state is fairly well established in subjective
comfort studies. Winslow and Herrington (440) provided a
very useful parameter for estimating the net cooling effect
of a given combination of air and wall temperatures. They.
calied it the "operative temperature'", To defined as

(Equation 4-2) To = KrTw + KcTa
Ky + Ko

AN wilich iy fand Ty @re v@ir and wall temper&fures,respeabivells,
and K, (radiation coefficient) = Ar(MKrTS3)

Ay is the effective radiation surface of the body in
square meters

Ky is the universal radiation constant

Ts is the mean body surface temperature in degrees
Kelvin

-

and Kc (convection coefficient) = ke V

k. is the convection shape factor
V = velocity of air in feet per minute

These workers in studies on nude men found that at an opera-
tive temperature of 31°C and above, heat produced by metaho-
lism was balanced by radiation, convection, and evaporative

cooling, the last of these increasing as the temperature was
raised. Below 31°C, evaporative cooling stayed at a minimum
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value and mean skin temperature fell as body storage of heat*
started to decrease. In & corresponding way the effects of
environment relative humidity were established (4U42) re-
lating the wetted area in sweating to the relative humidity
and drybulb temperafure. Indeeds , the webited areca wWas
identified with pleasant and unpleasant sensations. Thus,
wseful. deiiniticnswawese fomethe Zones or

1) body heating

2) evaporative regulation
3) pleasantness

4) indifference

=

body cooling

Gharts definimg the comfort Zdries Tor. clotlied men
were prepared and published by the American Society for
Heating and Air Conditioning Engineers using these same
principles and one of these is shown in Figure 4 for air
movement in the range 15 to 25 feet/min (300).

Winslow, Herrington, and Gagge (441) established
a technique called "partitional calorimetry” measuring heat
exchange between subject and environment in a climatic cham-
ber using the energy equation

(Equation 4-3) M+D=E+R+C
M is rate of metabolism
D is rate of hedf less firom sterage, -or heat debl
E is rate of evaporative heat loss
R4S Fabe ‘of wadigplVve hHeat ' less
¢ is rabe gf” cohviective heait Tess

Using a limited number of measurements on men and the com-
fort char’t concept (Figure 4) they were able to predict
subjective thermal response for other environments. A most
successful application of this technique was made in 1948
using an electrically heated copper manikin and developing °
information for clothed men in submarines (205). This
particular study is a classic in presenting clearly the con-
tributions to thermal comfort balance of radiation, conduction
and evaporation. :
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Within the pleasant or ordinary .comfort zones
neither heat nor moisture transfer through clothing are
sufficiently great to pose & problem in terms of the cloth-
ing worn. There are, however, comfort sensations assoclated
with the comfort zone encountered. Gagge, Stolwijk and
Hardy (164) have documented these for transient and long-
termed thermal stress 1in terms of ambient temperature, skin
temperature, and tympanic membrane temperature.

b. Cold Stress

A cold stress environment produces heat loss from
the body which must. be minimized by. clothing in spite of a
continuous, simultaneous loss of molsture. Thus, cold -
weather clothing in general must be thick, light, porous,
and a poor collector of transmitted moisture. Belding (35)
in a series of reports from the Harvard Fatigue Laboratory
was able to show the interaction of work load, clothing
thicknegs,, and, Syeat level In determiningthe effectiveness
of cold weather combat uniforms. A list of these studles is
given in Table 16. In all of these studies, the relation
of cold stress to clothing worn was examined in terms of the
factors in Table 17. From these' tests on exercising men
the cold weathsr assemblies were found to he less insula-
ting than anticipated from statlic measurements.
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TABLE 16
EFFECT OF MOISTURE ON CLOTHING
REQUIREMENTS IN COLD WEATHER
(Harvard Fatigue Laboratory Reports)
Methods - Serial No. 141

Day to Day Variability and Differences between
Individuals - Serial No. 142

The Time Course of Sweating and Moisture Uptake

of Clothing with and without a Pre-Cooling Period -
Serial No. 143

Influence of Qrade of Work - Serial No. 144

Influence of Amount of Clothing Worn - Serial No.

145

Local Uhderdressinﬁ as a Means of Reducing Sweat-
ing - Serial No. 146

Partition of Sweating by Body Regions - Serial
No. 147

Effect of Impermeable Outer Garments - Serial
No. 148

Cooling Efficiency of Sweat Secreted While Clothed -
Serial No. 149

Effect of Exercise in Reducing the Effective Insu-
lation Provided by Clothing - Serial No. 150

Comparison of Post-Exercise in Relatively Dry and
Wet Clothing - Serial No. 151

Relative Effectiveness of Several Methods of Drying
Clothing in the Cold - Serial No. 152

Theoretical Consideration of Insulation Requirements

for Comfort during and after Work in the Cold -
Serial No. 153
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TABLE 17
FACTORS ASSESSING THE RELATION
OF GOLD STRESS TO COMBAT GLOTHLNG
(Harvard Fatligue Laboratory Reports)
Percent of Sweat Remaining in clothing

Net Efficiency of Sweat for Skin Cooling (Percent)

Heat Lost by Evaporative Cooling of the Skin as a
Percentage of Total Heat Loss (Percent)

Heat Lost by Radiation, Convenction, and Conduction
as a Percentage of Total Heat Lost

Efficetiive Cle VeElde pf ‘the OUtFits (2t BB n.pals
up an 6.5% incline)

Grams of Sweat Remaining in Undergarments and Per
cnetage of Sweat Remaining in Undergarments
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There is a related cold stress condition worth
mentioning in which the considerations for maximum insula-
tion are much more critical. This involves the immersion
of men in cold salt water. Turl (406) has reviewed this
area and points out that the paramount need for protective
clothing under these circumstances is that of waterproof-
ness. A second desirable feature in the clothing is poro-
sity to water vapor (from insensible sweat). In other re-
gards the reguirements for cold dry stress apply.

c. Warm Stress

Woodcock (U452) examined this problem for men start-
ing with a wet bulb model and asking what cooling should be
expeched. &t @il ferent ténperatures and .ptmiditi=s,. Ilbs
approach was then correlated with actual sweat rates ob-
served on men and hence the water dissipation capacity de-
sirable in warm weather clothing. Applied to actual cloth-
ing situations (451), the wet bulb theory was found to be
only approximate in predicting heat stress imposed bty
dauffererit clething in a wariety of" temperature, humidity,
wind speed and radiation environments. This was explained
by the fact that real clothing on men can act in a variety
of ways to evaporate moisture, e.g., from a variety of
clothing surface layers. The wet bulb model does not
simulate the different ways clothing can act in dissipating
moisture under evaporative cooling conditions. Hence,
climatic chamber studies provide the best guidance for the
warm stress situation and these are successful in demon-
strating heat and moisture relationships even with partially
impermeable clothing systems (171).

d. Extreme Heat Stress

Although in terms of heat and moisture relations
in clothing the comfort problems under heat siress are inde-
pendent of the intensity, severe heat stress can be treated
as a special case if the factors predominant for completely
impermeable clothing are considered. Blockley and Taylor
(48) documented the physiological effects from such stress
and they evolved a new class of clothing to remove heat by
forced circulation of cooling, drying air. Some of the prin-
ciples of this approach and examples of its execution are
covered in Section 7 of this chapter.
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3. Model Systems

a. Heat Balance and Physical Laws

The physical laws governing heat exchange of a sweat-
ing body with the environment have been treated thoroughly
by Hardy (190), and reviewed more recently by Burton (73).

As most model systems are intended to simulate the body in
these energy exchange functions, it is perhaps useful to at
least restate the relationships which determine heat and
moisture loss through a "clothed" model system.

For a single fabric layer the heat loss, H (in kg
cal/hr) is defined in terms of the surface area A (m2), the
model's surface temperature, Tg, and clothing surface tem-
perature, T, by

(Equation 4-4) H=A (Ts-T)
I

in which I is the clothing insulation.

For a completely wet simulated skin the evaporative
et hoss,,: Em. 458

(Equation 4-5) E =A (Ps-P)
R

in which Pg and P are the vapor pressure of water at the skin
surface and outside the clothing layer, and R is the wvapor
resistance of the fabric.

For additional clothing layers the insulation and

vapor resistance values are additive provided one takes into
account the air layers at each fabric surface. Thus, the
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total heat loss through a multilayer fabric assembly can be
stated as

(Equation 4-6) Hy = Al (Tg-Ty1) + (Pg-P1) + (T1-Tp) +
L T Ry 12
(PEREN S Segewse (Tn-1-Tn) +
Ro In

(Pn=1-Pn) + (Tn-T) + (Pn-P)
Rn Ia Ra

in which Ig and Rg are the thermal and vapor resistance of
the surface air layers and T and P are the temperature and
vapor pressure of HpO in the environment.

In some model systems radiation heat losses, Hy,
may also occur and are expressed in Stefans' Law

(Equation 4-7) H, = 1.37 x 10-12€ 1€ (Tlu—.Tu) A

in which € 1 and € are the emissivities of fabric and en-
viTonment and Ty and T are radiation.bemperatures off the
fabric surface and environment, respectively.

Finally, there are also convective losses due to
wind and these have been evaluated by the Pierce Laboratory
(438) in terms of the change of the surface air layer by

(Equation 4-8) I = 1 Clo units
061 + 0.19v%

V = the velocity in cm/sec.

Standard values of Ig at different wind velocities
are given in Table 18.
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TABLE 18

ATR INSUILATION VALUES AT DIFFERENT WIND VELOCITIES
From Burton and Edholm (80)

Velocity of Air Movement Insulation Value
mph T/ i cm/sec Cars;
.40 4,500 2,280 Oz .4
2207 2. 006 1006 0.15
-2 p0 1,050 534 0.20
4 .85 425 216 0.30
2.39 210 107 0.40
1.37 126 61 0.50
655 75 38 0.60
O «B7 50 25 070
0.40 35 18 0.80
0.34 30 15 0.85

The work on models simulating human body heat and
moisture losses has been useful in delineating factors
EoRperning ‘heat Enid medstiire €rahsTer threugh eloshinge.
Allspecifie reBulh.has: bEen the chaveeterizatien of Cone
Brtruction and £iber® Taeheors ingeortant Ter Peomfers as sl
as the proper assembly on the body for greatest effective-
ness. This work will be discussed in terms of specific
model type: flat plate, cylinder, and manikin.

O« Flat Plate Studiss

Rees (328), using a guarded hot plate thermal trans-
mission apparatus with a water-filled porous plate, studied
the effects of water loss on the thermal transfer process.
He found, for example, in reference measurements on dry
fabrics that the relative humidity of the air surrounding
the apparatus had very little effect on the heat loss.

Using a very similar apparatus in a small environmental
chamber, Hardy et al (189) interpreted the changes in thermal
transmission in the presence of moisture as variations in
skin temperature and wettness as would be expected to occur
on a subject (442). They made use of comfort prediction
eurves:- chesd are discussed fiurther ih Seetien % of Chaptsr
f. Similar equipment was also used at the U.S. Army Natick
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Laboratories in examining the relative merits of different
clothing fabrics (63), and it was the use of this equipment
on wicking clothing layers that led Woodcock to propose a
permeability index to account for heat loss by evaporation
(446) (cf Section 3, Chapter 6). Mecheels (ng) has taken
the same basic equipment and attempted to relate changes in
thermal transmission of moist cotton fabrics to their water
transfer properties. Cross-linking and water-repellent
finishes on these fabrics were found to have only a modest
effect on the thermal transmission properties even though
the wetting properties of the fabrics were altered sub-
stantially.

~
¢c. QCylindrical Sweating Devices

Black and Matthews (45), in extensive work on the .
thermal transmission of clothing fabrics, tried comparisons
on a "kata thermometer'" or cooling bulb on which were wrapped
dny and mMeist fdbrics of different surface gliaracters They
were able to establish the effects of fabric surface re-
sponsible for the "cold feel" of clothing. These included
weave, count, and finish of the fabrics, the smoother
fabrics having the greatest effect on cooling. Air movement
and moisture content of the fabrics were also studied. The
importance of a surface air layer for added insulation and
theraless ! of Thgwlation  due te ‘mMeisture: for single Fabric
layers were clearly noted.

Baxter (17), on the other hand, used a sweating
cylinder hot plate device and measured thermal transmission
values on fabrics of different thickness but made of cotton
or wool. The diffusion rates of water through these struc-
tures calculated from the careful work of King (253) ap-
peared to be consistent with the thermal transmission values
obtained.

Hollies (211) used a constant temperature sweating
hemicylinder ‘to study the effectiveness of vapor impermeable
layers on the insulation of cold-weather combat clothing.

As shown in Table 19 describing the results from this work,
partial coverage of an inner fabric layer with an imper-
meable film gave improved insulation in cold stress without
undue hindrance of heat dissipation in a warm stress
situation.
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TABLE 19

HEAT-DISSTPATING CAPACITY AND INSULATION OF FOUR-
LAYER, COLD-WEATHER ASSEMBLIES CONTAINING A WATER VAPOR
IMPERMEABLE MEMBRANE OF VARIABLE SIZE NEXT
TO THE UNDERWEAR LAYER

(Wind Velocity 19 mph)

Coverage with Relative Heat Relative Overall
Impermeable Iayer Dissipating Capacity® Thermal ResistanceP
(%) % [€2)

73 5 143
87 90 155
g2 84 5D

100 76 190

a At high metabolic conditions and relative to the vaiue with
no impermeable layer.

b Under low metabolic conditions and relative to the value
with no impermeable layer.
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Fourt extended this work on a sweating hemicylinder
to thick cold-weather ensembles of a variety of fiber and
construction variations (141). The change in thermal trans-
mission with long-term sweating into these assemblies re-
veated a sufprising faet that although energy loss. inereased
at the onset of sweating, it remained at a new constant level
independent of the amount of water collected in the clothing.
At the same time this corresponded to a decrease in overall
evaporation rate of water from the body indicating .that the
evaporative mechanism of energy transfer was being retarded
by wetelaeciomulation i thiclk- ¢lothing «iny al cecld emviroii-
ment. Later Fourt (140) confirmed that although the total
energy loss remained constant, the transfer of sensible
heat increased, from the increased thermal conductivity of
the moist clothing. Hence these results are compatible with
those obtained by Hollies on thinner clothing assemblies (211).
Fourt (143) reviewed the possible interactions of heat and
moisture transfer processes with clothing materials and
bodywaetion. He ‘pointed out that not only did bhe Interaetion
change with level of metabolism but with body motion as well
and suggested that following the approach used by Day (112)
this might be a frultful area for further work in both under-
standing and constructing cold-weather clothing systems.

d. Heated Manikins

Heated manikins have had a very important part in
gomiorbeites ting efi clothing Primarily beecause ectual, cloth=
ing items can be compared with their increasing complications
due to fit and interaction with each other. Although many
laboratories have used these devices, some have been more
completely described than others and served as a basis for
new departures in assessing current problems connected with
both heat and moisture transmission through the clothing.

Fitzgerald (134) provided a clear description of
the copper man used so successfully at the Climatic Research
Laboratory while Herrington (204) gave a detailed account
of the human-body-model used at the John B. Pierce Founda-
tion Laboratories. These devices have been particularly
melpfyl in. leoking at bheat exehange of the different body
segments, but without a controlled sweating surface have
had only limited application to heat and moisture problems
10 glothing.
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The heated manikin has come into its own, however,
in examining the effectiveness of ventilated clothing both
in England (251), and the United States (162). But again
it is not well-suited to separate the interaction of heat
and megistre Srdnsferwhecegsess. Insteady, shudies Qh men
have been much more effective, as discussed in the next
S eridom.

4. Clothing Tests on Subjects

a. Scope of Subjective Testing

Although it is easy to visualize how clothing com-
parisons on subjects may ease the problem of choosing op-
timum clothing systems, an understanding of what factors
influence these choices becomes more difficult. This is a
natural result of the fact that many physiological and
Beycholtgi earl, Pesponses to elothing difteremnces Wave o
single physieal cause in thie clothing itsgelf or the environ-
ment of exposure. At best, tests on men can help only to
point out what clothing factors may be involved and thereby
SUfEigEed other physical: tosiles for dirvect ceonpariSen. 'This
is true of heat and moisture transfer problems so far as
they affect subjective preferences of one clothing system
over another. The discussion of these problems is aided
by considering the level of thermal stress placed on the
subject, different stress levels invoking different
mechanisms of heat and moisture loss.

b. Tests under Moderate Stress

Situddes: O Yile ‘relspepmse BLshilhjears e, i L8, et e
and cooling but with different clothing structures has re-
eeived perieodic attentiion Malnly in clnfieftieon WEth-"eivilian
clothing. Andreen (9), for example, looked at coverall gar-
ments of nylon, cotton, and wool/acrylic blends in six
different fabric types worn by men in environments of 60
to 1000F and 50 to 95% relative humidity. It was noted
Ghat-body. suriaee tenpenathine,, aléetrical Condiiet iwiity
of the skin, rate of sweating, and heart rate were useful
for assessing the stress in a warm environment. However,
subjective response of the subjects to the different cloth-
ing variations under mild heat stress was surprisingly
similay. Differences between clothing were moted Conmgibtently
in mild cold stress, the closely fitting smooth garments
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being least comfortable. 1In a sense, heat and moisture
losses were both necessary to stimulate a subject response
but not much was learned about the mechanism.

Behmann (23) had greater success in distinguishing
petwech Clgihine Fabracs usitig mald hedt SHTESE G & dry-=
ing atmosphere. He proposed a "transition point curve" for
each textile relating evaporation rate te moisturs content
as & usefwl practical index of gomfort responses at differemt
sweat secretion levels and suggested that subjective dif-
ferences between a wool and polyamide fabric were due to
different rates of water loss in the drying process.

In similar studies on women, Werden (425) followed
the evaporative process closely to detect any possible re-
lation to subjective comfort. 1In relatively still air
(25 ft/min or less) the heavier assemblies apparently caused
the most sweating and this was reflected in greater body
weight losses. These, in turn, affected the objective skin
temperature measurements and correlated well with the sub-
ject comfort votes. Galbraith and Werden (165) went further
in LZying to Télelte waber 1oss propexrties to eomfort. They
chose suits of cotton, water-repellent treated cotton, and
acrylic fiber in an environment of 94OF and 84% relative
humidity. There were differences, especially when the sub-
Jeets perspir&d freely’, in the weight gain of Lhe glothihg:
The subjects noted that the water repellent fabrics did not
remove as much moisture from the body as the cotton suit
and they identified these cases as less comfortable but not
hotter than the untreated cotton suit. Clearly, in this
case moisture removal from the skin was quite important.

Mehrtens (282) took the approach of asking subjects
to rate clothing fer sehsaticons @ ‘clamnyy cliviey, dang,
rough, scratchy, etc., under hot humid conditions (90°F,
80% relative humidity) and showed that clinginess and
scratchiness sensations could be related to fabric properties
in a qualitative way. Hollies (216) extended this approach
to cold and warm stress studies on men and women and found
that subjective sensations Were intensified by the presence
of water at the skin fabric interface. Hence, conditions
of testing designed to produce sweating were most useful in
making sensible comparisons between shirting fabrics. This
work ailso vevealed that skin fabrie contact in tThe: moist
situation was translated into scratchy and clammy if the
contact was high, but felt comfortable if the contact was
minimized.
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In recent work by Behmann (21), subjects under warm
stress were able to distingulsh between surface variations
resulting from change in:

fabric density
yarn twist
weave structure

The clearest results, however, were obtained where
the subjects were asked to concentrate on comfort sensa-
ons , [ 22

c. Special Effects of Humidity Variation

Iampietro (238) exposed nude men to 50° temperatures
and humidity variations of 30 to 95% with wind variations of
1l to 10 mph. Chill by wind was noticed easily while relative
humidity had 1little or no effect on any of the responses ex-
cept heat production. The same subjects were tested with
clothes (239) with much the same result; the relative humi-
dity variations having no detectable effect on water or
heat loss,.

d. Extensive Heat Stress

Turrell and coworkers (409) in subjective work under
warm stress conditlions noted that the wetting properties
of the fabrics were not closely related to response from men,
Griffin (176), however, in tests on men wearing impermeable
"exposure" sults noted a prolonged resistance to cold by
the presence of a water lmpermeable layer. 1In addition
they noted that heat stress bullt up much more quickly in
subjects wearing the Impermeable layer.

Nelson (306) used partition calorimetry to charac-
terize the thermal exchanges and responses of three men
while standing or walking in several hot environments. Al-
though water transport was implied in the warm stress environ-
ment, no attempt was made to measure these changes in the
clothing or the subject during the run. More useful infor-
mation was obtained from men exposed for several days in
Death Valley, California (266) using a wide variety of cloth-
ing items showing that impermeable layers preventing sweat
loss resulted in enhanced heat stress. Veghte (418) in
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climatic chamber studies on high heat stress showed that
multilayer clothing substantially reduced sweating, in-
deed provided much the same heat stress as impermeable
clothing and both should be avoided at temperatures of 90
e HO0OP:

Impermeable protective clothing was alsoc examined
by the U.S. Navy (367), and this work was used to determine
maximum physical activity tolerable with an impermeable
suit. The immediate relief produced by a ventiiating fan
was also noted. Heat stress in CBR protective clothing (106)
was also measured to determine the risk involved in donning
this clothing and attempting to carry out hard work. The
lesson from this heat stress work ‘is that moisture loss
is essential to achieving long tolerance times.

e. Extensive Cold Stress

The Harvard Fatigue ILaboratory examined moisture
distribution in arctic uniforms from the standpoint of sweat
collection (36) with and without an outer impermeable layer.
This work was extended to thermal responses and sweating
efficiency of men exposed to temperatures of -4CCF to +40CF,
and the distribution of sweat in the clothing layers obtained
(37). Good insulation was maintained over a wide range
of sweating rates, while cooling from sweating was greatest
under high sweating rates from exercise. This subjective
Study agrees guite e¢losely with the fiadings of Fourt oo
model systems discussed in Section 3. Belding and co-
workers (33) assigned heat and moisture energy losses
through the arctic uniform for a2 variety of activities and
ambient temperatures. In addition, they could predict
what insulation was required for each of these conditions
as ‘shown in Table 20.
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TABLE 20

PREDICTED REQUIREMENTS FOR INSULATION FROM CLOTHING
UNDER CONDITIONS OF SHADE AND A 2% MILE
PER HOUR WIND AT 3 AMBIENT TEMPERATURES

fetual protection previded by thes @dretie LIINonm Hs «gluen;
where protection requirements are within 25 percent of actual
pProbeciieon proviided by the aretic wmifenn they appesr Sin
parenthesis. (From Belding et al) (33)

Actual Clo
i, AR cthte
Bt M  +400F O9F -40°F Uniform
B 56908 < » pome mer oA ssdans 4 50 ;g e 10w3 2.9
SHITIIAEG . e ol 5 230 sbmon s 60 23.0% 5.8 Bk BT
Strolling 2.25-mph....145 129 2an i 33 Lo
Level walking 3.5-mph 200 0.6 SR 2.3 i ot
Walking 3.5 mph-up '
B raEle . o g pbls s b sk 200 Bt T d Lo i o3
Level walking 4.5-mph 260 0.4 1.0 Y L3

Another useful subjective study for heat and mois-
ture dissipation in cold stress was carried out by Hall
(182) for U.S. Alr Force flying uniforms in a simulation of
life raft exposure. Dry and wet clothing were compared and
prediction curves for human tolerance prepared .similar to .
Figure 4. This illustrates again the great usefulness of
chamber studies on men without necessarily understanding
the complete heat and moisture loss picture.

f. Additions to Protective Clothing

The Harvard Fatigue Group was successful also in
assessing the effectiveness of sleeping bags as an extension
of the cold weather uniform using subjects in the climatic
chamber (32). Actually, insulation provided by sleeping
bag materials with and without moisture from sweating is
Lanirly-wrell preditetad fran sfagit sthdies s daseussad b
Chapter 6. Water-impermeable and water-repellent covers
for these bags were quite adequately assessed in such sub-
jective studies (99).
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Renbourn (338) has reviewed how chamber studies can
be used for a wide variety of military clothing items as car-
ried out for the Royal Air Force for several types of climate.
This is a very satisfactory approach for providing an
acceptance level for new equipment. Equally useful are cham-
ber studies for entirely new clothing concepts such as the
water-cooled suit (423). These well-established procedures
should find wide applicability for full elothing studies
of any type but should not necessarily be relied upon to
answer questions on mechanism of heat and moisture transfer .
or new solutions for their control. Only specific physical
tests can give these answers. A number are discussed in the
next section.

5. Heat and Moisture Transmission Properties of Clothing
Materials

a. Concepts and Approaches

The foregoing discussion has served to show that
there are several ways in which heat and moisture can pass
through fabrics in a clothing environment. For example,
sorption, diffusion, evaporation, condensation, and wicking
of water through fiber assemblies all have thelr own asso-
ciated heat transport mechanism. Each of these has been
the subject of intensive study as governed by the specific
fiber arrangements possible in clothing fabrics as well as
in terms of the possible effects from individual fibers.

The approaches which have been used to study these
energy transport processes in fiber assemblies have varied
according to the skill of the worker and the need in terms
. of really understanding the problems of comfort. For
example, Henry (198) took the classical diffusion approach
to the uptake of water by cotton bales showing that for a
textile system there was an advantage in using individual
diffusion coefficients for shape and heat factors in the
numerical: solution. Likewise Cassie in his work on wool
(92) set up the basic expressions for considering the
simultaneous diffusion of heat and moisture. -Later, Babbitt
(14) rewrote diffusion expressions in terms of the Brunaur,
Emmett, and Teller equations for sorption on a porous sub-
stance. For the student of sorption processes it is con-
venient to couple these theories with actual sorption data
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on fiber materials. McLaren and Rowen (298) made such
measurements on a wide variety of fiber substances over
a reasonable temperature range.

The diffusion process has also been considered by
Fourt (147) in the absence of a temperature gradient, but
with and without water-adsorbing fibers. The Angstrom
method for heat transmission has also been applied to water-
adsorbing porous substances (201), and this pulse technique
with its associlated wave equation appears sultable for ap-
plication to the clothing fabric systems. A recent inter-
pretation of the combined propagation of heat and moisture
through fibers is that of McMahon and Downes (299). They
have suggested a number of practical means for establishing
both the diffusion coefficients and boundary conditions for
an actusl: feoupled diffvwsion pProedss.

Heat and moilsture transfer in clothing also occurs
in the presence of actual water evaporation as well as
diffusion. The heat of evaporation is large and this ad-
ditional feature requires considerable modification in the
transier theory. Rust et al (355) have proposed equations
for these combined processes based on a comewhat simplified
mathematical model of a real clothing system. Woodcock
(445), however, took the somewhat simpler view that in the
presence of water evaporation into and from the clothing,
the total heat loss should be altered in proportion to the
ease of water transfer. He proposed a permeability index
(L45) in the heat loss equation for fabrics (cf Chapter 6)
to take into account the extra heat loss caused by evapora-
ting moisture.

Even in the absence of climatic chamber studies on
men, or man simulants, there are far more physical facforo
to energy loss than just heat and moisture. Burton (82)
reviews 4 nlimber' ol Shese, Including: the Shteractieh ©F
wind on the transfer process. Fourt (143) has extended
this thinking to many other aspects of comfort for combat
clothing (143), including heat loss by radiation and the
possible effects of body motion on the transfer processes.
This appezars to be an area open to considerable work in
understanding fully the most important factors for heat
and moisture loss under actual wearing conditions. Mecheels
(278) has considered some of these factors in examination
1. Lhé phys el Propertids vty geods: as related to
their comfort.
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b. Coupled Diffusion Studies

The very thorough work of Cassie and Baxter (93) on
wool fiber systems showed that there were indeed two dif-
fusion waves for heat and water vapor movement respectively,
through a hygroscopic fiber system. However, Hock, Sookne,
and Harris (207), on a very wide range of fabrics, estab-
lished that moist fabrics in a thermal transmission appara-
BUs, gave a; elaiilling effect et the het Plate sunface in
proportion to the degree of surface contact and the amount
of moisture held. The work of Preston and Chen (320) on
the drying of textiles is also related. The heating process
gives rise to a constant rate drying period with a relatively
low constant fabric surface temperature, and another higher
but constant surface temperature when the fabrics are dry.
These same changes must occur in the wearing of clothing
starting at the very moist state.

Woodcock and Dee (449) also investigated heat loss
in drying fabric assemblies and concluded that for thin
fathrie s LayerssLthe amoudt ©f oo ling at ‘the evaporatipn. Eur=
face depended very sharply on the ease of transport of water
through the fabric layers. Evaporation from the outer fa-
bric surface, for example, would be less cooling than
evaporation on the skin, and, therefore, more comfortable in
cold weather clothing.

The diffusion of water vapor of course,even under
essentially isothermal conditions, depends on fabric struct-
ure (428) and so has an effect on the total heat and moisture
Toss o ady elothbdng item. The YRESTlabich i glothitig th
which water has been added falls in proportion to the amount
of moisture. Hall and Polte (183) have shown clearly how
the tolerance time of men partially immersed in cold water
is shortened by having wet clothing. Hollies (222) has
shown how to calculate this loss in insulation for a variety
of clothing fabrics at moderate moisture contents.

ew DiETLLAIZtien Dilinsion Studics
Energy losses through fabric assemblies are changed
most radically by actual evaporation of moisture into the

tabrie Hreom the skin and, il coel eEndugh; retthdSntdbicns
with. uwlbimate reevaperatisn te ‘the eavitonment: Therelfdore;
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fabric measurements in this transfer mode can be useful for
comparing the potential comfort advantage of several cloth-
ing fabric systems. Hardy and coworkers (189) took this ap-
proach in assessing the relative merits of several shirting
fabrics. 1In this case positioning of the shirting relative
to the sweating skin was observed to maks a considerable
change in the total heat loss and its shifts with wind ve-
loeirtim.

Similar studies by Hollies (214) on a constant-
temperature, sweating, heat transmission device showed sub-
stantial changes in energy loss with fabric surface, fabric
thickness, and wind velocity, as shown in Table 21. The
results with the wool serge at 4.7-mph indicate the exis-
tence of an effective barrier to the transport of watar,
probably a still air diffusion layer on the skin side of the
Tuzzy eyt SUrteds, ‘Thls-is. sugseatod BY The 1otk Of '
change in power and water losses upon napping as well as in
experiments with a double layer of wool serge. If shearing
were to decrease the thickness of the barrier which could
be stabilized »y the surface films, then penétration of
wind on the exposed surface would be facilitated. This
effect is scen in the small but significant increase in
water loes and the corresponding increase in heat loss ob-
tedmad) Dy sheeFime the Mebl! fabrif€s Fht Sinest Sniidousies
layers of wool serge exhibit appreciably higher moisture
transfer in a wind stream of 15.2 mph than at 4.7-mph. The
increase in heat losses are proportionally smaller because
a gresater fraction of the energy for evaporation is supplied
by the windstream at the higher wind velocity.

Under similar conditions, the acrylic serge becomes
wet and after two hours will have picked up 65% water. The
water and heat losses are, therefore, large at both wind
speeds: Napping is effective in isterposing a barrier to
the transfer of water as shown by decreased water losses
Tor the happed acrylie fLabric. A further degcrease dceurs
with two layers of acrylic fabric because water transfer to
the second layer is greatly limited. Thug heat and moisture
losses through two layers of wettable fabric really resemble
the losses through a corresponding thiczness of non-wettable
Tabraics
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TABLE 21

HEAT AND MOISTﬁRE LOSS THROUGH SERGE FABRICS AS A FUNCTION OF
, THICKNESS AND SURFACE..

Wind 4.7 mph Wind 15.2 mph
Thickness Water Power Water Power
Fabric Condition at .01 1bs/in Loss Loss Loss Loss
mils gm/cm hr watts/cm gm/cm hr watts/cm
17 single layer 69 2.02 1.5 3.3 L7
(Wool)
sheared L4g - 2.24 BT - -
napped 106 1.93 16 - -

0 double layer 118 2503 1.6 35 1.8
20 single layer 35 3.50 2.0 L 3.0
(Orlon) : -

i napped 70 ' 2.97 1.9 - -
double layer Al 2.50 il S 3.5 1.8

Water and power losses are given per cm of mercury water vapor pressure
differential between skin and ambient air.




The reverse effect is seen in thermal trarnsmission
measurements between two plates at 23 and -10°C containing
a moist underwear and dry serge layer. A sheared wool serge
containing moisture has about the same thermal resistance
ae anl 2Corylig Serge 6T comparable thigkiess. These Jre both
iess insulating than the original wool. In a similar set of
experiments, a wettable wool serge produced essentially the
same thermal curve as its non-wettable counterpart, show-
ing again that wetting and wicking were not very important
in determining overall resistance of these two layer as-
semblies.

The water transfer diffusion equation (Chapter 6,
Equation 6-6), and the water content thermal conductivity
equation (Chapter 6, Equation 6-U4) were applied to the data
of Table 21 . Agreement was poor, varying conciderably with
the welttability .of the falirics used. Cheeks' ol ‘the fabrie
surface temperatures revealed that the site of water evapor-
ation was different for each fabric type and, therefore, the
amount of cooling at the skin surface depended on how closely
evaporation was occurring. Hence, useful hsat®t and moisture
transfer equations must take this into account.

Behmann studied the heat transmission properties
of single fabric layers of wool and polyamide on a sweating
surface (20). He confirmed the importance of surface rough-
nesg et (he Tabries i Almiting: the rabe oF gveiperatlich O
water and this corresponded to higher skin temperature,
leower relawive umidity et the skin €urface and lewey SolLall
engirgyy less Lok the woel ‘fabhrics, Likewitk, Wogdeowls"s ap-
proach to heat and moisture dissipation (4&4) was success-
ful only ror single  fabrie layers or in considering
muitiple layers as a whole, presumatly due to the same pro-
biem of moisture transfer between moist fabric layers. This
approach was very successful, however, in predicting which
cold weather clothing ensembles should feel warm or cool
depending on the ease of transmission of water and its col-
lection in specific fabric layers (447). He showed also
the strong interaction between radiation from sunlight and
moisture accumulation in the clothing layers.
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6. Heat and Moisture Transmission Properties of Air

a, Principles ARfeebing Clething Tnswulation

In austudy by.Burton (70) to:develop| reflecting
eleich  fior impreved -insulatien, the transier of ‘heaiciEhraugi
air spaces was measured with and without reflecting sur-
Paces, and, witth' and withoeut a leete kapak Tilier: Ihe' re-
sults of this work are summarized in Table 22. Not only
did energy transfer by radiation make a substantial contri-
biutien' to InsSwlation lasss; bub eéenyechive.tramsfer In tae
non-filled space also contributed to this loss. Burton
(79) also reviewed the effects of wind and air pressure
and these are shown in Figures 5 and 6. In both these
cases the loss in insulation was associated with the
stability of the still air layer at a fabric surface.

TABLE 22

THERMAL INSULATION OF AIR SPACES
From Burton and Edholm (82)

Open Space Filled Space
Black  Reflecting Black Rerlecting
Thickness Plates Plates Plates Plates
inches Clo Clo Clo Clo
Ol 0.31 0.37 0.43 0.50
0.2 0. 55 0.68 0.76 0.88
0.4 0w T2 0.94 1 27 .44
0.6 O, T 0.98 1.48 1.70
0.8 0.68 0.97 1467 1.93
1216 0.67 0.95 1.86 2.
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Fonseca and Hoge (137) looked at two other factors govern-
ing theveffeetiveness of air ihsulation I @lothing systems.
They showed roughly a two-fold improvement in insulation in
going from air at normal water contents to an ecvacuated
space at 0.01 Torr. However, air of normal water content
replaced by water vapor cut the insulation approximately in
half., Partef this ghange was @ttrihuted o watey sorped
by 50/50 wool/cotton underwear. These coffects are shown

in Figures 7 and 8

e - EEEENR, Qi s TUse BE N Spaces

In relation to the insulation load produced hv dear
air on hot-weather clothing, Wing and Monego (435) studied
the thermal resistance of a nylon oxford and mosquito net-
ting in various configurations on the hot plate apparatus
held in a vertical position to encourage convection. They
~on.cluded:

(1) For spacings less than 1% -inches, the two-fabric |
system exhibited considerably different thermal
characteristics. For effective convective «cooling,
no special advantage was to be found in spacing
low permeability fabrics from the body.

(2) THE We6 faBFic systels Tegandléss BF spacingg
offered better cooling than the impermeable fab-
ric. This effect was particularly noticeable
for spacings less than 1%-inches.

(3) Yhe net fabric system provided g peak ¢a9ling
effect approaching that of nudity when the spac-
ing was adjusted to about 3/4- inch.

(4) Neither system offered any marked advantage in
cooling over the other when the spacing exceeded
1% inches.

Hollies (213) investigated forced and natural conve.-
tion of air on a man-simulant surrounded by an impermeable
Slothing Lajelr - Spackl a2t wared Sncheg and ‘ene inch Lriom the
pweating sSkin Burrdces. ‘He conecluded’ -Ghast:
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"The extent of cooling by moisture evaporation in
spacer clothing depended on the interaction of the
factors of spacer size, total air volume exchange
in ‘the spaces, whd theaeial™“direction’ef the aiy
flow in relation to normal convection. With a
moderate air flow of 7 ft3/min through both three-
inch and one-inch spaces between the torso and outer
shell, the coupling of natural and forced convection
produced substantially greater heat transfer to the
air, higher moisture, 1dss., and lower skim surface
temperature than if the air currents opposed one
another. This increase corresponded to as high as
60 kg cal/m2hr in additional total cooling under
conditions of restricted ventilation through the
clothing and suggested that for large clothing
spaces coupled natural and forced convection would
be desinabiée foF maximon” cooling. Bencefiit . « Althotgy,
in every instance, the higher the air flow volume
up to 28 ft3/min passing through the spacer cloth-
ing, the larger the cooling effect, the advantage

of one-inch over three-inch spaces in producing
larger moisture loss, lower skin temperature, and
hence greater total cooling was also clear from
these studies."

Hollies (220) demonstrated that schlieren optics were
well-suited to observation of the mixing of gases in cloth-
ing spaces and provided clear evidence that turbulence in
convective cooling with moist air was the key to effective
evaporative cooling. He showed further (221) that air
and water vapor mixing could be observed directly by
schlieren techniques. Figure 9 shows such an optical sys-
tem.

Carrol and Visser (86) also worked out a technique
for detecting convective heat loss from men in subjective
experiments. The method is based on the integration of
heat in the wake behind the body by temperature integrating
grids. All of these techniques for measuring air insulation
work well in the presence of moisture and are potentially
useful in a wide variety of heat and moisture transport
studies concerned with body comfort.
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7. Extensions to Space Problems

a. Pundamental Relations

The distinction between the cooling of a soldier
dressed in an impermeable uniform under desert conditions
and the cooling of an astronaut in a pressure suit held in
& space cabin is really not very great. Efficient forced
convective cooling is required for survival in both cases.
Although a full coverage of space suit design is not an-
ticipated in this monograph, certain points relative to
the soldier are worth mentioning. Hanson and Dee (188)
have outlined the extent of the thermal stress imposed by
impermeable clothing on an active soldier in the desert,
noting the critical dependence on evaporative cooling for
survival. In addition, Colin and Houdas (103) have set
forth the equations and the techniques for determining
the coefficients of heat exchange by convection with the
human body.

b. Application of Heat and Moisture Techniques

The heated manikin (252) with modifications for a
sweating function has been used in evaluating air-ventilated
suits. Full tests on men in a climatic chamber have also
been carried out to determine the effectiveness of water
cooling for impermeable protective clothing (170). Sweat-
ing models have been equally effective in advancing under-
standing about forced convective and evaporative cooling
in small clothing spaces (221).
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CHAPTER 5

PHYSIOLOGICAL AND FIELD TESTING
OF CLOTHING BY WEARING IT

1. Importance of Subjective and Human Elements

Field tests and physiological ftests of clothing differ
chiefly in terms of the degree oif control over the ac-
tivity and the environment, the thoroughness of measure-
ment of the variables involved, and the degree of quanti-
tative energy talance. Either form of testing should in-
clude the subjective response of thz subjects wearing the
clothing with regard to their own condition and any special
regetions of ke glothing Ga thelrT bGdkes . vand ko ‘the
elEhhang. 1ese L and ibs fitness: €o the Wwhols sutuatisn,. Th
other words, the investigators and the subjects should take -
2 Vsgstems or  “Operiitiiens réxcareh: ApEtoarh . HlkWa 1l B eh
be a useful by-product, if someone in the test group asks
"Does it have %o be this way? What other way could we ac-
complish this?" It will help if the designers or planners
serve as test subjects, or go in the field and use the
clothing or equipment under field conditions. Siple writes
fEelThigist (375) ef mnchie ¢lothimg, "Drop seats have been
designed for underwear and outer garments, but in practice
Tt as Beem dLEY Tewlt Te reach /Lasitternibes hehnmnd @ie " a
the bulky clothing between the arms and body. Trousers
have been designed which provide no opening facilities but
require the whole trouser assembly to be lowered as a com-
plete unit by unhooking from suspenders. Designers need
field experience in these matters."

2. The Approach of Using Subjects for Clothing Measure-
ments

There are important features of clothing in use which
can be observed and evaluated in no other way than by
having live men wear the clothing. The environmeant can be
controlled or natural, the activity of the men can be con-
trolled or follow the variety imposed by enviroament, re-
guired duty or personal cholice. Whatever the degree of
control or completeness of description of environment and
activity, no mechanical or non-living model has been devised
to simulate the interactions between clothing and body. IT
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we knew enough about a certain range of activity and con-
gition, it is comeeilvable ‘thad. limiled models could bhe
developed for teEStimg specitie intetaeticns.. Oh theYwhole.;
though, more needs to be learned before physical models
can-have muel wtility in testing the interactions, of tloth-
ing with the body. While the purely thermal manikin is of
value in testing the temperature gradient dependent effe~sts
of clothing, and can be used in establishing i, for clnth-
Wigs LI wWern ever 2. wet lnher laye®, :tests Lavelvisig
moisture distribution through the clothing are suspect un-
less the moisture distribution has been established by
evaporation from an inner layer, or unless the problem is
one of saturation with water. Table 23 shows the types of
measurement which require human subjects either for phy-
siological or field tests of varying degrees between ob-
jective and subjective, extending to the purely "market
research" type of preference acceptance, or acceptability
survey. The methods for each of these types of clothing
measurements are discussed below.

The methods for quantitative physiological calorimetry
have been well discussed by others (202) so that comments
here oh stuch methods will be directed te the -conditions
determining the choice between physiological or more
physical methods or for personal reaction, general impression,
subjective or market research type methods. The emphasis
will be on the measurement of clothing characteristics in
connection with physiological measurements and use tests.
Clothing.as distinct from its fabric components, is the
topic here; tests on fabrics are discussed in Chapter 6.
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TABLE 23
CLOTHING MEASUREMENTS WHICH REQUIRE LIVING SUBJECTS

Water content, distribution over body areas and in clota-
ing layers.

Relative humidity in each space, within each layer.
Temperature at each surface.

Onset of sweating , areas involved.

Overall and local rates.of sweating.

Fraction of total sweat evaporated.

Efficiency of cooling by the sweat evaporated or in
terms of total secreted.

Effect of movement in the clothing on isulation, evapo-
ration, or combined energy loss.

Effect of wind, through physioclogical controls or end
points; through evaporation from the natural distribution
of water; in interaction with movement (purely thermal
effects of wind can be determined from physical models).

Metabolic burden or cost of clothing; restrictions on
motion, Includes effects of loads, load distribution,
and load carrying equipment.

Cagt el ‘ehéthing of bhrofcewlve Leatires Jin-terms,. of pers
formance; cost of too 1little or too much; alternatives
to physical protection; cost-benefit analysis for field
conditions, for base conditions, for voluntary choice
el X iEy pendiions .

Static electricity - ranges of environment and activity
Tor ibs hgman sighlifieance: i3S gtatlie. peedustd tn,oloth-
ing while naturally worn an explosion hazard, a nolse
source to electronic equipment, a discomfort factor
(clinging, soiling, sensation on hairs and skin)?

1,350




TABLE 23 (Con't)

Human significance of drag, cling, friction, against
skin or between layers, for real movements in use and
for real water contents and distributions. Effect of
available choices in spinning, twist .direction, weave,
mechanical and chemical finishing, intermesh or relative
direction of layers. How significant are physically
recognizable differences for military or industrial
effectiveness, or for customer satisfaction or advantage
in competition in civilian areas?

Preference or acceptability.
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3. Clothing Measurements Which Require Living Subjects

a. Water Content in Clothing Iayers
(1) Conditions of Observation

An important related set of measurements which
can be obtained in no other way than by wearing clothing, is
the water content of the clothing, the distribution of water
within the clothing, and the relative humidity and tempera-
ture, or the temperature and the vapor pressure, from point-
to-point and layer-to-layer. Actual use is important be-
cause experiments based on wetting out clothing with arbi-
trary amounts of water can produce quite unrealistic con-
ditions -- except, perhaps, for the man who has just slipped
while fording a stream, or has just climbed out of the sea
onto a life raft, or reached the beach through the surf.
Several types of observations which can be made, as the
problem may require, are outlined. First, however, it should
be- recalled that 4ll elothing fibers are hyegroseepic to
some degree; the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>